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The material presented in this submission comprises original 
research publications by the author in the fields of quantitative 
genetics in animals and in man. The research on animal genetics 
was carried out between 1959 and 1968 at the A.R.C. Animal Breeding 
Research Organisation, Edinburgh, and the work on human genetics from 
1968 to 197^ in the Department of Human Genetics at the University 
of Edinburgh.
Within each field of study rather more than half of the 
papers are theoretical or operational in nature, dealing with results 
of general interest or with new methodology. The rest of the papers 
are more practical, estimating genetic parameters and responses in 
animals, or dealing with specific diseases and their prevention in 
human populations. The object of this precis is to present and 
integrate the various papers, to describe the main findings of the 
research and to discuss their relevance in the respective fields.
Quantitative Genetic Studies on Livestock Improvement
and on Familial Disease in Man
Research Papers Submitted
(in chronological order)
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3. Smith, C., King, J.W.B. and Gilbert, N. 1962. Genetic parameters
of British Large White bacon pigs. Anim. Prod, k  : 128.
k . Smith, C. 1962. Estimation of genetic change in farm livestock 
using field records. Anim. Prod, k  : 239.
5. Smith, C. 1963. Genetic change of backfat thickness in the
Danish Landrace breed of pigs from 1932 to i960. Anim. 
Prod. 5 : 259.
6. Smith, C. 196^. The use of specialised sire and dam lines in
selection for meat production. Anim. Prod. 6 : 337.
7. Smith, C. and King, J.W.B. 196^. Crossbreeding and litter
production in British pigs. Anim. Prod. 6 : 265.
8. Smith, C. 1965. Results of pig progeny testing in Great Britain.
Anim. Prod. 7 : 133.
9. Pease, A.H.R. and Smith, C. 1965. A note on the heritability
of muscle colour in pigs. Anim. Prod. 7 : 273.
10o Smith, C. and Ross, G.J.S. 1965. Genetic parameters of British 
Landrace bacon pigs. Anim. Prod. 7 • 291.
11. Smith, C. 1966. A note on the heritability of leg weakness
scores in pigs. Anim. Prod. 8 : 3^5«
12. Smith, C. 1967. A note on the improvement of a trait by
selection on its components. Anim. Prod. 9 s 12.7.
13. Smith, C. 1967. Improvement of metric traits through specific
genetic loci. Anim. Prod. 9 : 349.
14. Smith, C., Jensen, E.L., Baker, L.N. and Cox, D.F. 1968.
Quantitative studies on blood group and serum protein 
systems in pigs. I. Segregation ratios and gene 
frequencies. J. anim. Sci. 27 i 848.
15. Jensen, E.L., Smith, C., Baker, L.N. and Cox, D.F. 1968.
Quantitative studies on blood group and serum protein 
systems in pigs. II. Effects on production and repro­
duction. J. anim. Sci. 27 : 856.
16. Cox, D.F. and Smith, C. 1968. Herd differences and genetic
trends in Iowa pigs. J. anim. Sci. 27 : 577-
17. King, J.W.B. and Smith, C. 1968. Development of a pig sire
line by selection, with immigration. (Abstract).
Anim. Prod. 10 : 245.
18. Smith, C. 1969. Optimum selection procedures in animal
breeding. Anim. Prod. 11 : 433.
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in Human Genetics'. Vol. 1, p. 350. Edited by 
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32. Smith, C. 197^. Concordance in twins. Methods and inter­
pretation. Amer. Jour. Hum. Genet. 26 : ^5^.
33. Emery, A.E.H., Elliott, D., Moores, M. and Smith, C. 197^. A
genetic register system (RAPID). Jour. Med. Gen.
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34. Smith, C. 197^. Some implications of HL-A and disease
associations. Lancet. 197^, (i) ' +̂50.
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Jour. Med. Genet. 11 : 37^.
36. Skinner, R., Smith, C. and Emery, A.E.H. 197^. Linkage between
the loci for benign (Becker-type) X-borne muscular 
dystrophy and deutan colour blindness. Jour, Med. Gen. 
11 : 317.
37. Smith, C. and Mendell, N.R. 197^. Recurrence risks from family
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40. Curnow, R.N. and Smith, C. 1975. Multifactorial models for
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41. Emery, A.E.H., Davie, A.M. and Smith, C. 1975- Spinal muscular
atrophy - resolution of heterogeneity. In 'Recent 
Advances in Myology', Excerpta Medica Inter. Congress 
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42. Smith, C. 1976. Resolution of genetic heterogeneity in
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LIVESTOCK IMPROVEMENT
Theoretical
The efficiency of animal testing schemes was studied in two 
related papers (1,2), by extending a method of Robertson (1957) and 
finding the optimum test design in selection which includes tested 
individuals. Improvement was shown to be proportional to the 
logarithm of the ratio (number tested/number required for breeding)0 
The number in a test group and the type of family to test also depend 
largely on the above ratio, and must be varied to achieve optimum 
design and maximum response.
The integration of a testing system so as to achieve the 
maximum improvement in the breed or population as a whole was also 
examined (2). It was shown that maximum improvement will be obtained 
if testing facilities are restricted to a "nucleus" group of breeders 
so that there will be full opportunity for testing and selection in 
their stocks. The nucleus breeders can then supply the rest of the 
population with improved breeding stock, either directly or indirectly 
through a group of multiplier breeders.
In designing and comparing animal breeding schemes, the 
optimum selection procedure for each plan is usually required. A 
simple empirical expression relating the selection differential to the 
intensity of selection was developed (18). This expression allows 
simpler algebraic solutions to many optimisation problems, than is 
possible with the conventional formula for selection differentials from 
truncation of the normal curve. The expression was used to find the 
optimum intensity of selection for maximum response in mass selection, 
balancing the gains in response from intense selection with losses in 
performance through inbreeding (18).
Realisation of the need to measure genetic change in live­
stock came late in the development of animal breeding theory. Two 
methods are now commonly used in practice. One uses an unselected 
random-bred control group for comparison with the selected population. 
The other is based on a method developed by the author (4) to estimate 
genetic change from field records. This method uses the intra-sire 
regression of progeny performance on time relative to the population 
trend. It is now widely used, especially with dairy cattle, and may 
also become the preferred method with other species if semen can be 
frozen and stored indefinitely. Use of these methods has led to the 
critical appraisal by geneticists of the effectiveness of selection and 
improvement programs.
Another subject studied theoretically was the use of 
specialised sire and dam lines in improvement of meat production. The 
sire line is selected solely for growth and carcass traits, while in 
the dam line reproductive performance is also considered. It was shown 
(6) that the rate of improvement through specialised lines is never less 
than in a single line and may be much larger. However, this will be 
the case only if there are unfavourable genetic correlations between 
reproductive performance and growth and carcass traits and if there is a 
certain balance between the economic values and the heritabilities for 
the two sets of traits. These results were later confirmed and 
extended by Moav and Hill (1966). In practice the advantages in 
crossbreeding and in selection among combinations of different lines 
should make the development of specialised lines worthwhile (Moav, 1966).
The possibility is often raised that direct selection for a 
trait may not be the most effective method of improvement and some 
indirect method of selection may be preferable. Searle (1966) has
examined the value of indirect selection through a correlated trait.
Two other cases were examined by the author. In one study (12), it 
was shown that selection directed at component items of a composite 
trait (a product or ratio of the items) might well be more effective 
than selection for the composite trait itself. However, this is 
likely only in special situations, such as when there are marked 
differences in the heritability and in the variation of the traits 
concerned and when the traits are highly correlated.
The other case of indirect selection studied, was the 
improvement of metric traits through known genetic loci. Much research 
effort was devoted to this possibility following reports of assoc­
iations between blood group factors and economic traits. It was shown 
(1 3 ) that known loci which affect metric traits may be useful in 
improvement, their value depending on the proportion of the additive 
genetic variance they contribute relative to the heritability of the 
trait concerned. However, their use in practice is likely to be 
limited to cases with large confirmed effects and when normal selection 
methods are ineffective. In two large-scale studies on blood group 
factors and serum proteins in pigs (14,15) and in a survey of the 
literature (1 3 ), there appeared to be no known loci that could be used 
with confidence in improvement work in farm livestock. Moreover, it 
was shown (13) how sampling errors in the genetic parameters and in the 
effects estimated may cause selection effort to be misdirected. Such 
sampling errors are likely to be most serious when the heritability of 
the trait concerned is low and so when indirect selection appears to 
offer most scope.
Applied
Estimation of genetic parameters is an essential and routine 
part of research in animal breeding and in its application in practice. 
To derive this necessary information, heritabilities of a large number 
of production and carcass traits, and the genetic correlations among 
them, were estimated for the two main pig breeds in Britain from data 
on pigs tested at the National Testing Stations (3,8,10). There was 
good agreement in the parameter estimates from these studies and with 
estimates from other studies in the literature. Heritabilities for 
most traits were moderate to high, showing that selection would be 
effective. Moreover, the genetic correlations among traits indicated 
that there were no serious genetic incompatabilities among traits in 
improvement. Principal component analyses on the genetic matrices 
did not add materially to the understanding of the genetic relation­
ships among the traits (3,10)o
Two common defects in tested pigs required special genetic 
analyses. Pale muscle colour (9) was found to be moderately 
heritable. On the other hand, liability to leg weakness appeared to 
have a low heritability (11) and might well be ignored, where possible, 
in selection.
Reproductive traits in pigs are also lowly heritable and 
improvement by selection is likely to be slow and not very effective. 
However an improvement of litter production on crossbreeding is well 
established in the literature. In a large scale analysis (7) of 
British pigs, substantial advantages (5 to 12 per cent) in performance 
were shown by crossbred litters and crossbred sows over purebreds.
These results have provided the basis for recommendations on the use 
of crossbred (or "hybrid") pigs for commercial use.
5.
The rates of selection and improvement were investigated in 
three national testing schemes (5,8,16). In Britain, progeny testing 
appeared to be ineffective because little selection on test results 
was carried out (8). In Denmark and Iowa, there were large trends in 
several traits, for example, in backfat thickness where the responses 
were twice as great as from single trait selection experiments. Using 
rather ad hoc methods it was found that selection on backfat thickness 
was limited and that only a portion of the total change was likely to be 
genetic in origin. However, the trends in backfat thickness continue, 
along with trends in several other economic traits, so the extent of the 
genetic change in the population trends of these countries remains 
unresolved.
A practical use of this research was in the development of 
the British pig improvement scheme. The concept of testing in a 
"nucleus" group of selected herds (2) was adopted and testing and 
selection is concentrated in nucleus herds. The performance test 
was shown (1) to be more effective than the progeny test and is now 
used (with sib-carcass information). Genetic parameters estimated in 
the different analyses (3,8,10) formed the basis for deriving a selection 
index which combines information on 11 items and by which animals are 
ranked and selected for 6 economic traits. To measure the rate of 
response ( k )  and to monitor the effectiveness of the "nucleus" improve­
ment scheme (2), two random bred control herds have been established.
Pigs from different levels of the breeding hierarchy are also compared 
annually.
Many of the same principles of testing and selection have 
been adopted by independent breeding companies which compete in 
improvement with the national scheme. These enterprises have also
■i
made use of results on crossbreeding (7) and on specialised sire and 
dam lines (6,17) by selecting specialised lines and by marketing 
"hybrid" female breeding stock.
HUMAN GENETICS
Theoretical
A major part of the research dealt with extensions to the 
Falconer (1965) model of heritability of liability to genetic disease.
A numerical integration method was used to derive unbiassed estimates of 
the correlation in liability between relatives, modifying Falconer's 
earlier methods and removing anomalies (19)® An important finding 
was that low proband concordance rates in monozygous (MZ) twins are 
expected for diseases with high heritability, if the population 
frequency of the disease is low. This anomaly, of apparently quite 
heritable conditions having low MZ concordance rates, had long perplexed 
human geneticists, and the results derived (19,27) gave a satisfactory 
explanation. Much confusion exists in human genetics about methods 
of analysis for twin data and an attempt was made to present a standard 
simple methodology (3 2).
The numerical integration method to cumulate risks with a 
continuous underlying liability to disease was extended to allow 
estimation of recurrence risks with multifactorial inheritance (23).
The method is able to deal with complex family histories of a disease 
and to take account of various other factors such as differences in 
liability and heritability for different severities, onset ages and 
sexes. A general computer program RISKMF was developed for use in 
genetic counselling (29) and is being used at several counselling
centres. In addition a series of risk tables for clinicians was 
derived for some 15 congenital abnormalities and for a large number of 
possible family histories (35).
Information on a continuous trait associated with a disease, 
such as blood glucose levels in diabetes or blood pressure in hyper­
tensive heart disease, can be used to increase the accuracy of genetic 
counselling. A method was developed to combine such information with 
family history in deriving the recurrence risks (37). The procedure 
involved serial adjustments of means, variances and covariances among 
items following inclusion of information from the various sources.
The results were later confirmed algebraically by Curnow (197*0 for a 
few of the simpler cases. A computer program (RISKCT) was provided for 
routine use in genetic counselling (37).
An important use of the numerical integration methods is to 
generate the expected disease frequencies in relatives for a multi­
factorial disease. These can then be compared with observed 
frequencies for different relatives, and tests of the Goodness of Fit 
of the multifactorial model to the data can be made, and compared with 
the fit by other genetic models. In a more general approach, the fit 
by one model to data generated with another model can be used to test 
whether it will be possible in practice to discriminate between 
different models. It was shown (25) that it was indeed very 
difficult to discriminate between models, both in data on familial 
frequencies and in segregation data within families. The choice of 
model in estimating recurrence risks was also studied and shown to be 
critical only in extreme situations ( k k ).
Genetic heterogeneity is proving to be common in simply 
inherited disease, and an attempt was made to derive methods for
detection of heterogeneity in multi factorial diseases (*+3). If a 
disease can be subdivided on any criterion (clinical, biochemical, 
statistical or physiological) then the genetic relevance of the 
subdivision can be tested, or the genetic correlation between the 
subgroups can be measured. Possible biases in the Falconer (1967) 
estimates of genetic correlation were assessed and it was concluded that 
such biases will not be important in obscuring the true genetic relation­
ship between two disease forms (A2) so that resolution of genetic 
heterogeneity should be possible. A summary and discussion of much 
of the above theoretical work with the multifactorial model was 
presented in an invited paper to the Royal Statistical Society (AO).
Another group of papers dealt with effectiveness of methods 
for the prevention of genetic disease and with the effects of changes in 
social and medical practices on the frequency of abnormal genes in the 
population. In an initial theoretical study (21), the scope for 
ascertainment and prevention and the effectiveness of preventive 
methods were examined. This showed that prevention could be 
effective for autosomal dominant and X-linked disorders, but less so 
for autosomal recessive disorders and still less for familial diseases 
with complex inheritance. The value of a genetic register system, 
to record, collate and use information in the prevention of genetic 
disease was demonstrated (21). The changes in the frequency of 
abnormal genes in the population as a result of new treatments, new 
social and medical practices, and new techniques (such as antenatal 
diagnosis) were studied in two papers (30,38). These showed that 
there is little cause for alarm in the adoption of preventive 
practices. Indeed some of the preventive measures could be eugenic 
rather than dysgenic; that is beneficial to the gene pool rather 
than deleterious.
Applied
The frequency, heritability and risks of diabetes were studied 
in a large body of familial data collected from diabetic probands in 
the Edinburgh area. The discrepancy between the frequency of 
recently diagnosed diabetics and diabetics diagnosed in previous decades 
was striking and led to the definition and estimation of the 'potential 
frequency', that is the estimated frequency in the population at 
current rates of diagnosis without differential mortality (22). The 
potential frequency was some A times greater than the observed population 
frequency. An attempt was made to resolve the problem of whether early 
and late onset diabetes are distinct genetic forms, or are manifestations 
of the same genetic liability (26). Neither extreme hypothesis fitted 
the data, and it was concluded that a large degree of overlap probably 
exists. The problems of estimating empiric risks in a disease with 
variable onset age and sex incidence were studied using the diabetes 
family data (28). Empiric risk estimates, similar to the population 
'potential frequency' described above, were derived and presented as the 
best available estimates.
To check on the theoretical findings on the scope and effect­
iveness of preventive methods, data on ascertained families with genetic 
disease were analysed (2A). These showed that only a small proportion 
of individuals at risk had received genetic counselling and that many 
of the cases of genetic disease could have been prevented if the 
available information had been collated and used. A genetic register 
system (RAPID - a register for the ascertainment and prevention of 
inherited disease) was then begun (39) to test the feasibility and 
effectiveness of such a system in practice (21,2A,33). This involved 
ascertaining families at risk through various sources, methods of
obtaining consent from clinicians and family members, procedures for 
counselling, treatment and follow-up, and details of recording and 
computerisation of the register system (33). The system sought an 
active prospective role to bring genetic counselling into the 
community as a form of preventive medicine, rather than in a passive 
retrospective role of dealing with families only after an affected 
child has been born. In these aspects it is the first of its kind 
in the world.
Analysis of Citations
An attempt has been made, in summary, to guage the impact 
of the submitted papers on the world literature for animal breeding 
and for quantitative human genetics through the listings of citations 
in Citation Abstracts. The citations are listed under senior author 
and include all references in all sources abstracted by Biological 
Abstracts. The number of citations from 1965 to 197*f of the papers 
presented in this submission are tabulated in Table 1 .  Some of the 
papers in animal breeding are still being cited some 10-12 years after 
publication. Some of these seem to follow a cyclical pattern, as new 
aspects of the field are developed. The number of citations is larger 
for the human genetics papers, reflecting their more recent publication 
and the larger literature, especially in clinical genetics. The 
increase in the number of citations over the years is expected, as 
the list of publications increases. Of the papers published before 
1975, 8 out of 3A had a colleague as senior author and so are not 
included in Table 1 .  Including these may raise the total number 
of citations by some 20-25%.
To put the figures in Table 1 in perspective, they must 
be compared with those from other research workers in these scientific 
fields. To do this, the number of citations during 1973 and 197A to 
papers (excluding books) of authoritative scientists in animal breeding 
and in quantitative human genetics over the same period (1960-197A) 
are given in Table 2. The number of citations for the human geneticists 
(average 90) was about three times more than for the animal breeders 
(average 32), representing the larger literature on human quantitative 
genetics. There is a large variation in citation rates, with 
individuals who publish often or who have key basic papers in their 
field receiving the most citations. During 1973 and 197A there were 
some 70 citations (Table 1) to the papers presented in this submission, 
and this lies between the averages for authoritative scientists listed 
in the two fields.
There are many hazards in trying to interpret these figures 
as a measure of scientific impact of the papers. Papers may be cited 
often initially if they are topical (e.g. reference 3 1 ), or if they are 
refuted (see Renwick, Table 2). Review papers tend to be cited 
frequently, even if they contain no original work. The number of 
citations will also depend on the number of research workers in the 
field, the journal of publication and on the authors' scientific 
standing, as well as on the scientific merit of the findings. Most 
papers will be cited infrequently and will soon be effectively lost 
from the literature, as they are superceded by others and as the field 
develops. The basic important papers in the field are these which 
are still referred to after many years.
With these reservations in mind, the number of citations 
to the papers submitted here indicates that they have had a useful
impact in their fields, and their results continue to be used. It 
is reassuring to note that none of the papers have been descredited 
or refuted while many have been extended and elaborated by other 
workers.
Discussion
The basic theory of quantitative genetics as it applies to 
animal improvement is now a well developed science. Moreover, from 
numerous experiments with laboratory animals, substantial genetic gains 
in productivity can be confidently predicted from selection in farm 
livestock for periods of at least 10-20 generations, and for longer 
periods if care is taken to preserve genetic variation. Many of the 
problems tackled in the papers of this submission were concerned with 
the application of the theory in practice both at the applied and at 
the theoretical (operational) level. The former tend to be useful in 
the short term but need revision as conditions, breeding methods and 
breeding stocks change. The latter tend to maintain their usefulness 
over a long period of time and some of the papers have become basic 
papers in the field.
Human genetics is at present in a rapid growth phase, both in 
fundamental biological discoveries and in application to preventive 
medicine. There is considerable scope for quantitative genetics in 
these fields, for example in the genetic resolution of familial diseases 
and in the development of systems for their prevention and control.
There is, however, a strong clinical bias towards abnormality, as in 
the research submitted here, rather than to normality. Normal genetic 
variation in man is a field which is comparatively uncharted. Yet an 
understanding of the amount and nature of normal genetic variation
1 3 .
in man is important, for it affects the philosophy of our institutions 
and of our civilisation and the future of mankind.
Acknowledgement
I would like to gratefully acknowledge the great value of 
discussions, assistance and advice of my colleagues in Edinburgh, 
throughout these researches. In particular I am indebted to 
Dr. J.W.B. King of the Animal Breeding Research Organisation, to 
Professor Alan Robertson and Professor D.S. Falconer of the institute 
of Animal Genetics, and to Professor A.E.H. Emery of the Department 
of Human Genetics for their constructive criticism and encouragement 
in the work.
I would also like to express special thanks to my parents 
for their kindness, inspiration and guidance in my early career and 
to my wife and family for their affection and support throughout the 
period of the research.
Literature Cited
Curnow, R.M. (197^). The use of additional information in 
calculating disease risks from family histories.
Biometrics. 30 : 655«.
Falconer, D.S. (1965). The inheritance of liability to certain
diseases estimated from the incidence among relatives.
Ann. Hum. Genet. 29 : 51.
Falconer, D.S. (1967). The inheritance of liability to diseases with
variable age of onset, with particular reference to diabetes.
Ann. Hum. Genet. 31 : 1.
Moav, R. (1966). Specialised sire and dam lines. I. Economic
evaluation of crossbreds. II. The choice of the most profit­
able parental combination when component traits are 
genetically additive. Anim. Prod. 8 : 192, 203.
Moav, R. and Hill, W.G. (1966)„ Specialised sire and dam lines.
IV. Selection within lines. Anim. Prod. 8 : 375.
Robertson, A. (1957). Optimum group size in progeny testing and 
family selection. Biometrics. 13 : Mf2.
Searle, R.S. (1966). The value of indirect selection. I. Mass 
Selection. Biometrics. 21 : 682.
Table 1. Citations from 1965 "to 1975 of submitted papers







(75)* 74 73 72 71 70 69 68 67 66 65
1959 1 2 1 1 4
19b0 2 1 1
1962 3 (1 ) 2 5 2 2 2 2 3 4 23
4 (1 ) 3 4 1 2 3 1 1 16
1963 5 1 1 1 3
1964 6 (5) 1 1 2 1 3 13
7 (1 ) 1 3 3 3 1 12
1965 8 (1 ) 1 1 1 1 5
10 (1 ) 1 1 6 1 1 4 1 3 19
1966 1 1 (1 ) 1 2 1 1 6
1967 12 1 1 1 3
13 1 1 1 1 4
1968 14 1 2 1 2 1 2 1 10
1969 18 (2) 1 1 2 1 7
1970 19 (3) 6 7 7 3 26
21 1 1 1 1 4
1971 23 (2) 5 3 2 12
24 2 2 1 5
25 (4) 5 4 4 17
1972 26 (1) 1 1 1 4
27 1 1 2
29 (4) 2 1 7
1973 31 (1) 5 6 12
1974 32 (1) 1
34 (4) 4
37 (1) 1 2
Total (34)* 38 32 21 33 10 12 13 9 11 9 222
* Half Year
Table 2. Number of citations in 1973 and 1974 to scientific papers 
published from 1960 to 1974 by authoritative animal 
and human quantitative geneticists
Animal Geneticists Human Geneticists
Name Number Name Number
J„C. Bowman 19 L.L. Cavalli-Sforza 124
R.E. Comstock 10 C.S. Chung 40
G.E. Dickerson 29 J.F. Crow 1 1 5
H.P. Donald 31 A.F. Edwards 73
D.S. Falconer 132 J.H. Edwards 13 1
R.S. Gowe 14 R.C. Elston 47
W.G. Hill (70) G.R. Fraser 128
J.W. James (13) A. Jacquard (26)
I. J ohannson 10 C.C. Li 33
J.W.B. King 11 G. Malecot 35
B.D. Latter 39 N.E. Morton 162
A. Nordskog 13
A.L, Rae 13 W.E. Nance 74
A. Robertson 56 J.V. Neel 163
H. Skjervold 9 H.B. Newcombe 38
St. C.S. Taylor 10 L.S. Penrose 248
H.N. Turner 37 J.H. Renwick 96*
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A COMPARISON OF TESTING SCHEMES FOR PIGS
C h a r l e s  S m i t h  
A.R.C . Animal Breeding Research Organisation, Edinburgh, 9
O n e  aspect o f current schemes directed at animal improvement is the use 
of measurement rather than abstract judgement to estimate an animal’s 
merit. To put animals and their measurements on a comparable basis, the 
central testing station which attempts to standardise the environment during 
testing is often used. The problem arises as to which testing scheme and 
which of the many possible permutations o f its design are the most efficient 
in terms of the improvement obtained. These questions were studied in 
theoretical terms (Smith, 1958) based on a procedure developed by Robertson 
(1957) and the findings, as they relate to practice, are presented here.
There are many factors which affect the extent of improvement from 
testing and it is im portant in designing a test to know something of their 
relative effects. Some o f these factors are:
Using these symbols we can represent almost any testing situation.
The object of testing is to furnish a basis for selection among individuals 
and among families. Three methods of selection are considered here. In 
the first the whole family of m animals is chosen on the record of a sample 
of n of them which perform at the testing station, so T =  mS. The family 
size (m) may be chosen at will within the reproductive limits of the species. 
In the second method, only individuals tested at the station are used for 
breeding stock and T  =  nS. Either the whole test group may be selected 
on the average performance o f the group so that m — n, or each individual 
may be considered on its own performance as if effectively it came from a 
family of size one. In the third method the sample of n animals from each 
family is discarded after testing leaving (m—n) animals per family for 
breeding, and T  =  (m—n)S. This is a method of sib selection and is 
appropriate when the traits in question can only be measured indirectly, 
such as carcass traits. Other methods of selection are possible, such as 
selecting on an index of individual and family performances, but these are 
difficult to handle by the methods used here and have been omitted.
The genetic improvement through selection depends largely on two 
factors; the heritability of the trait and the selection differential, the latter 
being the difference between the average of those selected and the average 
of the whole population. Robertson (1957) points out that finding the test
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design to obtain maximum improvement is a question of balancing the 
choice in selection against the accuracy in test proof. He goes on to present 
a method for finding the balance point and the improvement expected 
thereat in the progeny test and sib test. Where the individuals tested may 
themselves be used as breeding animals, as in pig testing, some modifications 
to Robertson’s (1957) procedure are necessary to find this balance point 
(Smith, 1958), but these do not alter the general form of his findings.
The general picture of the genetic gains expected with optimum test 
structure was presented by Robertson (1957) who showed them to be a 
function of the testing ratio (N/S) and the in tra test group correlation (f). 
To examine in practical terms the effects o f each o f the listed factors and of 
the methods of selection on improvement, the optimum test group size and 
the genetic gains in each of a series of testing situations were computed 
(Smith, 1958). The main results from these calculations are illustrated 
here in a few specific examples of how the improvement was affected. 
Families of 4 to 10 were used for dam  families (full-sibs) and of 16 to 40 
for sire families (half-sibs). The correlation between members of a family 
(0  was taken between 0-2 and 0-4 for full-sib families and between 0-05 and 
0-2 for half-sib families. These values were chosen as likely family sizes 
to be encountered in practice with pigs, and as correlations likely to cover 
many of their economic traits.
The following graphs show the form of the effects o f the various variables. 
Their abscissae represent the number of animals tested (N) relative to the 
number required for breeding (T) on a logarithmic scale, and their ordinates 
show the genetic gains expected when the optimum size o f test group is 
used in each instance. The gains are in units o f the heritability (A2) times 
the phenotypic standard deviation (crp) of the trait being tested. When 
comparing different designs and different schemes in improving a certain 
trait, the heritability will be a common factor. Since the genetic gains 
are given in units of heritability they will apply to all levels of heritability 
except where it affects the correlation between members o f a family (t); 
t =  rA2 -(-c2, where c2 is the environmental proportion of the total variation 
which is common to all members of a family. In the graphs, changes in t are 
taken to represent changes in relationship (r) within a family and in c2 at a 
constant heritability.
The first graph is to illustrate the effect on improvement of the ratio 
of the number tested (N )  to the number required (T) and to follow the 
effects of variations in family size (m) and the intra group correlation (t). 
The improvement from testing dam families of 4 is compared with that 
from testing dam families of 10. In  this case the whole family (m) is either 
selected or rejected.
The genetic gain with optimum test group size decreases as the logarithm 
of the ratio of number tested (N) to the number required (T), almost linearly 
over the range of the N /T, clearly showing this ratio to be a vital factor in 
determining the improvement possible. When many breeding animals are 
required in proportion to the numbers tested, that is N /T  is low, the gains 
from testing become very small and the testing facilities are quite insufficient 
to meet the demand for selected breeding stock. In Figure 1 the improve­
ment from testing dam families of 1 0  is somewhat larger than from testing 
dam families of 4. Throughout the study, the larger the dam family or sire 
family the greater was the improvement, thus showing the advantage of 
having as many relatives as possible in each potentially selected family.
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In practice, there will be a limit to family size. Two other factors are 
relevant here. If  family size is so large tha t only a few families (3-5) are 
tested, the genetic variation between families will be reduced. If  the number 
per family (m) exceeds the num ber required for breeding (T), the proportion 
of families selected is greater than necessary and lower values of m will be 
more suitable. The genetic gains, at a constant heritability, decrease as the 
intra group correlation (?) rises, indicating that the more the members of a 
family resemble each other for other than genetic reasons, the lower the 
gain from testing. Close likeness of family members is commonly presumed 
to be due to their genetical relationship when indeed it may be largely due 
to similarities o f their environments. These findings on the effects of the 
size of the variables N /T , m  and 1 on the genetic gains from testing are borne 
out in the graphs which follow and apply in general in testing work.
NUMBER TESTED ( N )
n u m b e r  r e q u i r e d ! T )
Fig. 1. The genetic gains, in units of b?-ctp, from testing the dam families shown.
Consider selection o f sire family groups (half-sibs) and selection of dam  
family groups (full-sibs). While family size (m) is larger in the former, the 
genetic (r) and phenotypic (?) relationships will be smaller. Increases in 
m and decreases in ? make the genetic gain larger, but decreases in r make 
it smaller. An example showing the net effect o f such changes on the genetic 
gain is given for a specific case in Figure 2, testing dam families of 4 (? =  0-3) 
and sire families of 40 (? = 0 -1 ). In  this case, testing dam families is superior 
at higher ratios o f the num ber tested (N) to the number required (T) but the 
superiority is lost as the ratio decreases and testing sire families becomes 
more effective. The values relevant to in, t and r may alter the cross-over 
point of the graphs appreciably and will determine whether dam family 
or sire family testing is preferable for a given ratio of N/T.
Whether the individuals tested are themselves used for breeding affects 
the improvement considerably. To illustrate this point the genetic gains 
from testing dam  families of 4 with an intra group correlation (?) o f 0-2 
are shown in Figure 3. Direct information on an individual is more accurate 
than similar information coming through a relative since the latter involves 
the degree of relationship. Hence, as in Figure 3, schemes which select only 
animals tested (I) or a proportion o f tested animals (II), will be superior to 
those selecting only relatives of test groups (III) as in the sib test and progeny
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test. Even when the accuracy of individual testing is low, the advantages 
from  including tested animals in selection remain because then the whole 
test group rather than the individual becomes the basis for selection. The
NUMBER TESTED ( n )
NUMBER REQUIRED ( T )
Fig. 2. The genetic gains, in units of h2aP, from testing the sire and dam families shown.
smaller the family size (m ) the greater is the advantage of including tested 
animals in selection since proportionately fewer relatives per family will be 
available after testing. As the ratio of the numbers tested to the numbers 
required (N/T) falls, fewer and fewer of the selected animals will have been
NUMBER TESTED ( N 1 
NUMBER REQUIRED ( T ]
Fig. 3. The genetic gains, in units of h2aP, from three methods of selection, viz.: 
selecting I, tested animals; II, tested animals and their relatives; III, relatives of
tested animals.
tested and these will play a gradually decreasing part in the total improve­
m ent. When selection of breeding animals is made only from tested animals 
(I), (as if the tested animals had no relatives) the gains are appreciable till 
N /T  =  4, but when N  =  T there can be no improvement unless for example 
N N
y  are selected on test records and y  are chosen at random from untested
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stock. In any testing programme, selecting animals or families whose 
performances are poorer than average will reduce gains more than if  
untested stock took their place—unless it can be shown that the group of 
families tested are a better than average sample of the population.
The problem arises of choosing between untested relatives of one selected 
family and the more accurately tested individuals of a slightly inferior family. 
When N /T is large, almost all of each family will be tested to obtain accuracy 
in evaluation and n approaches m, and on the other hand, if N /T  is low, 
accurately tested individuals of the slightly inferior families would form only 
a small proportion of the total selected and the effect of their inclusion or 
omission would be small.
In designing an efficient testing scheme, test group size («) must be made 
optimum but it is apparent that optimum group size is dependent on the 
other factors rather than being itself any intrinsic constant in testing. 
Indeed it may range from one animal (n =  1) to all the members of the 
family (« =  m). Test group size should be large when the ratio of the numbers 
tested (N) to the numbers required (T) is high to obtain high accuracy in 
evaluation, but should be small when the ratio is low to permit the testing 
of many families so as to yield large numbers in selection. As the intra 
group correlation (t) increases, members of the test group are more alike. 
Consequently, less new inform ation is obtained per additional individual 
tested per family and the optimum group size is reduced.
Small changes in any of the factors cause only minor changes in the 
optimum design and the improvement. The graphs show a smooth con­
tinuous form and there is a gradual transition from one situation to another 
rather than an abrupt change. This makes the optimum design less critical 
since it appears that slight deviations are not serious. For example, the 
tolerable limits of group size, yielding a genetic gain o f 90% or more of 
the maximum, showed that a fair degree of flexibility is possible without 
materially decreasing the genetic gains. Changes of one animal in group 
sizes up to 5, of 2-3 animals in group sizes from 5 to 15, and 5-10 animals 
in group sizes from 15 to 50 are unlikely to reduce the gains below 90% o f 
their maximum.
PO PU LA TIO N  STRUCTURE AND TESTING SYSTEMS
Up to this point we have examined the aspects o f improvement expected 
from one generation o f testing. We now consider the accumulation o f 
improvement from repeated testing over several generations and its ultimate 
transmission throughout the whole population. To do this, we must look 
beyond the narrow limits o f the test and consider how the testing scheme 
best fits into the pig population as a whole.
The accumulation of merit in the breeding stocks can be traced through 
successive (j/) generations if  the rate of improvement stays steady. Suppose 
a proportion (q) of the breeding sires are supplied by the testing, then the
y
improvement accumulated after y  generations is ^ qAG, where ZlG is the-
improvement per generation (Smith, 1958).
Farm livestock show a stratified structure as regards breeding operations. 
The commercial stock are sired by pedigreed males produced in multiplier 
pedigree herds which in turn buy most o f their sires from a select nucleus 
group of breeders (Robertson and Asker, 1951 and Wiener, 1953). Gains
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from placing selected animals in multiplier pedigree herds would be con 
tinuously diluted by bringing in untested sires from the nucleus group am 
no accumulation of improvement would result. On the other hand tli 
breeding structure provides an efficient system for distributing meri 
accumulated in the nucleus group.
In devising a testing scheme to fit the breeding structure, two alternate 
systems of organisation may be considered. In the one, the open system 
each breeder may test his stock, any nucleus arrangement being ignored 
In  the other, the nucleus system, facilities for testing are restricted to breeder 
in the nucleus group. In the latter system presumably all sires needed in ths 
nucleus group can be selected on test results, that is q =  1 -0. In the opei
TABLE
comparison o f  the improvement possible by the open and nucleus system 
o f testing (fuller descriptions in text)
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system it has been shown that im provement will be greatest when all 
breeding herd sires can be selected on the basis o f test results (q =  1) ever 
though this is likely to reduce the average merit of selected animals (Smith 
1958). Every animal or stock above the mean of the population has soi» 
potential for conferring improvement so when the demand for tested stoci 
far exceeds the supply, the improvement is greatest when all above the meal 
are used.
It is possible to compare the relative efficiencies of the open and nucleus 
systems of testing by theoretical means (Smith, 1958). The nucleus system 
is likely to exceed the open system in improving the whole population aftei 
3-4 generations and then further add to its superiority. The delay in passin? 
on improvement to the breeding population is more than offset by tit 
extra gains in the nucleus group. From  the viewpoint of commercial stock: 
the same conclusions apply since, assuming all sires in commercial herds 
come from pedigree stock, the mean of the commercial population is equal 
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con The above properties of different testing schemes are illustrated in 
am the following example. Suppose we compare the open and nucleus systems
ft o f testing for improving some trait in a pedigree population of 1 ,0 0 0  herds.
ien Say 1,000 sires are required per year for breeding. If  each sire in the nucleus
group can produce 30-50 sons there need be 20-30 nucleus herds to supply 
itivi the multiplier breeders with sires. Suppose testing facilities are either
ten restricted N  =  100, or ample N  — 5,000, and selection of tested animals
red and their relatives is practised either as full-sib families, t — 0-3, or half-sib
der families, t =  0-1, whichever is the better. The improvement possible at
i thi each generation (AG) and its accumulation over several generations is shown
ipei in the Table. In both cases the nucleus system soon exceeds the open
system and by increasing amounts in subsequent generations.
'em d i s c u s s i o n
The improvement expected in a trait following testing and selection is 
proportional to its heritability. Thus an efficient test design cannot make 
up for a low heritability. Indeed, the use of efficient designs is likely to 
give the same proportional increase in improvement over poor designs, 
irrespective of the heritability.
The measure of efficiency used in comparing different testing schemes 
is the extent of the improvement each provides. There are three levels at 
which this efficiency can be studied. The first level is concerned with the 
optimum design of each scheme, for example in terms of test group size. 
The second is concerned with the improvement expected from different 
testing schemes as in comparing the progeny test and the performance test; 
and the third deals with the im pact o f the testing scheme on the population 
o f animals it is designed to improve.
Previous work on test design has dealt with the optimum test group 
size and composition as they affect the accuracy of a test (Osborne, 1957), 
and the improvement a test brings in a confined breeding unit (Robertson, 
1957). The details of design of different schemes are more readily manipulated 
than the broader aspects o f testing and can be made to fit requirements.
It is in their selection procedure that testing schemes differ basically. 
The progeny test implies selection among parents on the performance of 
their progeny, the sib test the selection between families on their sib 
aj performance, and the performance test the selection between individuals on
ve[ their own performance. The designs of these schemes will differ only
because the information required to select by will differ. If the tested animals 
mii can usec  ̂ f ° r breeding it is logical to include them in selection, for there
ocl will be direct information on them compared with only indirect information
eaii on their relatives. The advantage of including tested animals is considerable
when they are likely to make up a large proportion o f the total number 
elB selected, but falls as they constitute a decreasing proportion of the total.
,e]11 A common fallacy in comparing testing schemes is to assume that accuracy
ftei evaluat'on is the most im portant factor. Dickerson and Hazel (1944) 
in£ sh°wed that annual improvement depends on a suitable combination of
tjit accuracy of evaluation, choice in selection and low generation interval.
cjj In  comparing schemes all three points must be kept in mind,
rds . s'ze the test i° relation to the population it is designed to improve
ual *s c le a rly an im portant factor in determining the extent o f improvement.
Since the improvement has been shown to be roughly proportional to the
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logarithm of the ratio o f the number tested (N) to the number required (T), 
inspection of this ratio will give a good indication of what improvement 
can be expected. For example in Britain there are some 14,000 pedigree 
pig breeding herds and 5 testing stations, each testing 1,000 pigs a year.
5,000
If each breeder required one tested boar per year then N /T  =  qqq =̂= 0-36
and reference to the graphs show a rather small improvement. However, it 
would require a vast and costly expansion of testing facilities to increase 
the N /T  ratio sufficiently to boost improvement. In other words the testing 
facilities are so limited that few breeders can obtain sires of superior merit. 
However, with the same testing facilities (N) the N /T  ratio can be consider­
ably increased by reducing the effective size of T by restricting facilities to a 
number of nucleus breeders. F ar greater progress can be expected if  such 
a scheme is followed. Thus if a nucleus group of say 200 breeders were 
formed in Britain and each required two sires per year, the N /T  ratio would
5,000 _
be “^QQ- — 12-0. The annual genetic gains in the nucleus group would then
be about four times greater than if no nucleus arrangement existed. The 
improvement can be later passed on through the remaining pedigree herds 
to the commercial population. The superiority of nucleus schemes has 
therefore im portant implications in the design of national schemes of pig 
improvement.
H alf the tested families will be poorer than average and should not be 
used for breeding. Robertson (1957) found that for the optimum running 
of any testing scheme the intensity of selection should be at least one in four. 
This is a goal worth aiming at in practice. However, if the number required 
(T) far exceeds number tested (N) it may be necessary to select animals in 
the second quartile for these will have some potential for improvement.
In relating these findings to practical testing schemes, it may be well to 
remember their theoretical origin. Certainly there are other factors affecting 
improvement than those studied here although it may be hard to determine 
their relative effects. Something that will not alter the general application 
of the findings but which may affect the accuracy of the results as they 
apply to some given situation, is the appropriateness of the heritability 
estimates and other parameters used. I t seems that the findings will hold 
true in practice since the designs and schemes preferred and the improvement 
expected change only slowly with changes in the various factors and so 
seem unlikely to be radically changed by other unknown factors.
SUMMARY
Using extensions to R obertson’s (1957) method for finding the optimum 
test design, factors affecting the improvement from testing were studied. 
Other than the heritability, the ratio o f the num ber tested (N) to the number 
required for breeding stock (T) has the largest effect on the improvement 
expected, the improvement being roughly proportional to the logarithm of 
this ratio. The type of family and the number in the test group which 
compose the optimum design, also depend largely on the ratio N/T. Accuracy 
in evaluation is required when only few animals are selected (N /T high), 
but small test groups from large families are necessary when large numbers 
o f breeding stock are required (N /T low).
Testing schemes differ basically in their selection procedure and only
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secondarily in their designs. The advantage resulting from  the tested 
animals being themselves selected is in proportion to what part they constitute 
of the total selected.
Another consideration is how the testing is integrated with the population 
breeding structure. M aximum improvement will be obtained if the testing 
facilities are restricted to a nucleus group of breeders, and full opportunity 
for selection is made in their stocks. The increased improvement this provides 
is accumulated in this nucleus group o f herds and gradually passed down 
to the rest o f the herds. Otherwise the improvement will be greatest when 
each breeder can use sires from families which have performed well in the 
testing.
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I . IN TRO D U C TIO N
The use of some m ethod of testing is common in current schemes 
of livestock im provem ent. The problem arises of finding the testing 
procedure which is m ost efficient in term s of the im provem ent it  provides. 
This efficiency is relevant a t  three levels: in determ ining the optimum 
design of a particular scheme, in comparing the im provem ent expected 
from different schemes, and in  planning how a testing scheme can be 
best integrated w ith the  population as a whole. Concerning the first 
level, Ilobertson [1957] and  Finney [1957] derived expressions for finding 
the optimum test structure  in anim al and p lan t breeding respectively, 
so as to  maximise the  tru e  superiority of chosen families or varieties 
tested with a given am ount of testing facilities. An optim um  point 
exists because of the  an tithesis under these conditions of the accuracy 
of selection, which increases as test group size increases, and the choice 
available, which decreases as te s t group size increases since fewer 
family units m ay be tested.
In  practice the requirem ent of breeding animals is likely to be in 
terms of individuals ra ther th a n  of families, say as the  num ber of 
males required in the breeding herds. This variation in requirem ent 
is incorporated in an  extension to  the  previous work in which the 
optimum test design and  maxim um  gains are studied when selection 
comprises (i) non-tested m embers of selected families (ii) all members 
of selected families and (iii) only tested  animals. In  the  second p a rt 
of the paper we consider how best to  use the testing facilities and 
selected individuals so as to  produce the maximum im provem ent in 
the breed or population as a  whole.
The expressions for genetic gain used by the above authors assume 
normality of d istribution of breeding value. This assum ption is 
likely to  be a reasonable approxim ation, and moreover no more exact 
treatm ent is ye t possible. Following the  approach in R obertson’s 
[1957] paper it  can be shown th a t  the genetic superiority of chosen
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groups is given by
s' r i m
(i)
where p is the proportion of groups selected, z the  corresponding ordinate 
of the norm al curve, r the  genetic relationship between members of 
the same group, t the observed intra-class correlation for the  character 
concerned, h2 the  heritability , <j 0 the  genetic standard deviation, and K  
the ratio  of the  num ber of anim als tested  to  the  num ber of groups 
chosen, a is then  (1 — t ) / t  and the group size n  is equal to  K p. The 
optimum value of p is then  given by
K  =  2  px  -  g 
a 2 p{z — px)
where x  is the  abscissa of the  norm al curve corresponding to  p. The 
maximum value of AG can then be found by substituting the optimum 
p value in equation (1). Over a wide range of K /a  >  5, A i s  a 
linear function of log (K /a ).
II. R EQ U IR EM EN TS ON NUM BERS OF INDIVIDUALS
We now tu rn  to  consider the situation when the requirem ents are 
expressed as the  num ber of individuals required for breeding. Though 
the requirem ent is sta ted  as to ta l individuals, the basis for selection 
is still the  family average and the  requirem ent m ay be m ade up of 
tested animals, or untested  animals, or both, from the selected families. 
The three different cases are discussed separately.
(i) Only non-tested members of selected families available.
This will arise when tested animals are not available for breeding, 
as when they are slaughtered for carcass measurements. If the to tal 
family size is m, we have
= I  f
p \ / t \AG = ~~ ^ 'I^ Ta  I , \ t - h°° ®
" \r  (m +  a)N
where N  is the to ta l num ber of anim als tested, and T  the  to ta l required 
for breeding. This equation is of similar form to  equation (1) except 
for the term  in m  and  a and th a t  K /a  now becomes N (m  +  a)/aT .
(ii) A ll members of selected fa?nilies available. 
Here
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,1+iSLrJJr - ^ 4 . «  (4)
V r n V t  y jp  +  ^  
which is again of similar form w ith  K /a  becoming N m /T a .
(in ) Only tested animals available.
This is a special ease since the proportion of animals selected is 
now independent of family size. We have here merely to  maximise the 
accuracy of choice. Here
1 +  (n — l)r
AG =  -  
P
ha a (5)+  (n — 1 )t_
w ith p = T /N .  The expression in square brackets takes the form  of 
a  [/-shaped curve passing through a  minimum when n  =  (1  — ¿ ) ( 1  — r ) /  
(r — 2t +  rt). From  the  [/-shaped nature  of the  curve it  follows 
th a t the  value of n  which maximises im provem ent will be either 1 or 
m, since, in testing, n  m ust be a positive integer between 1 and  to. 
If n  a t  the  m inimum is less th an  one, n  a t  the  m axim um  will be m. 
If n  a t  the  minimum exceeds to, n  a t  the  maximum will be 1, and  if 
n  a t  the  minimum lies between 1 and m, n  a t  the  m axim um  will be 
either 1 or to and which can be easily determined.
I I I . COMPARISONS OF T EST IN G  PROGRAM M ES
W ith the formulae (3), (4), and (5), we can now compare the prob­
able gains from different testing programmes. The approach used 
was to  specify a wide series of testing situations for pigs and to  find 
the maximum gains atta inable  w ith  optim um  design for different 
testing procedures. These results m ay be seen in Sm ith [1958]. H ere 
several graphs are presented to  show the main features of the  findings. 
In  the  figure the abscissa measures the num ber of animals tested  N  
relative to  the num ber required for breeding T  on a logarithm ic scale 
covering breeding requirem ents of 1 to  1 0 ,0 0 0  per 1 0 0  animals tested. 
The maximum genetic gains are in  un its of ha0 and so apply to  all 
levels of li except where li affects the  correlation t between m embers 
of a te s t group. The graphs are these calculated for dam  families 
of 4 and 10 (t =  .2 and .3) and for sire families of 16 (t =  .1) as are 
possible w ith pigs.
The graphs in the figure bring out clearly the  almost linear relation­
ship between the  genetic gain and the logarithm  of the  ratio  N /T ,  
showing as would be expected, th a t this ratio  and the  heritability  are 
the prim ary factors in determ ining the extent of the  im provem ent. 
If we are considering a fixed value of h~, a decrease in t implies a decrease
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FIG U R E  1
T h e  G e n e t i c  G a in s ,  i n  U n i t s  o p  h<r0 , fb o m  T e s t i n g  i n  t h e  S p e c i f i c  C a s e s  
L is t e d  A b o v e  a n d  in  t h e  T e x t
iii the environm ental variance common to  families and consequently 
an increase in inform ation per family member tested  and an increase 
in genetic gain as in G raphs I I I  versus IV. As family size increases, 
fewer families need be selected to  supply the breeding requirement. 
Thus either the choice of families or their accuracy in selection, or 
both, can be improved giving greater improvem ent, as in Graphs I 
versus I I I . A fu rther relevant comparison concerns the  type of family 
tested. Full-sib families are small b u t have a higher genetic relation­
ship than half-sib families which in tu rn  are larger. As would be 
expected, testing full-sib families is superior a t high values of N / T  
where the breeding requirem ent is small and accuracy in selection is 
important, and half-sib family testing  is preferable a t  low values of 
N /T  as in Graphs I I I  versus V and V I versus V II. The values ascribed 
to to, r and t m ay alter the  cross-over points of these graphs appreciably 
and will determine which testing  procedure is desirable for a  given 
ratio of N /T .
We now look a t  how the im provem ent is affected by which animals 
in the selected families are used for breeding. We compare the cases (A) 
when only tested  anim als are used, (B ) when all members of selected 
families are used, and (C) when only non-tested members of selected 
families are used. The advantage of (B ) over (C) is to  be expected 
since in (C) we are throw ing aw ay the tested animals on which the 
information is direct besides reducing the num bers available for breed­
ing per family and necessitating the  selection of more families. As
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tested animals constitute a decreasing p a rt of the to ta l num ber selected, 
the  actual difference between the  (B ) and (C) graphs declines, though 
the relative advantage in term s of the  to tal gains expected m ay either 
increase or decrease. Selection of tested  animals alone (A) is slightly 
more efficient th an  selecting the whole fam ily (B ) a t  high levels of 
N /T ,  as in G raphs I I  versus I I I ,  bu t obviously becomes very inefficient 
as T  approaches N . In  general, we m ay conclude th a t, if the  tested 
members of the  selected families are not used for breeding, the genetic 
gain will be less th an  is otherwise possible.
We have considered selection based solely on the fam ily mean, 
whereas selection will be more effective if based on an index of indi­
vidual m erit and  fam ily average. However the  discrepancy is not 
serious. W hen N / T  is small, the  outstanding individuals of poor 
families would form  a low proportion of the  to ta l num ber selected 
and their omission will no t affect the  im provem ent by much. On the 
other hand when N / T  is large, accuracy in  selection is im portan t and, 
to  obtain this, large fractions of each fam ily are tested. Consequently 
selecting on an index which includes individual m erit will add little 
to  the im provem ent from  selecting on family means.
Changes in  the  variables m ay be sought to  improve the  gains from 
testing according to  the  above findings. Unless the breeding require­
m ent is small, changes in the  ra tio  N / T  to  bring appreciably greater 
gains m ay be costly and it  m ay be more expedient to  reduce the  size 
of T  in some way (see below). The fam ily size and the  te s t group 
size can be varied a t will w ithin the reproductive limits of the  species 
and should be chosen to  m ake the  designs efficient.
We have considered selection for a single tra it, b u t in  farm  animals 
im provement is generally sought in several tra its  concurrently. If the 
various tra its  can be combined in  one statistic, for example the  selection 
index, the above trea tm en t will apply.
IV. T H E  IN TEG R A TIO N  OF A T EST IN G  SYSTEM  
W ITH  T H E  POPULATION
We have so far considered only the  genetic m erit of the selected 
animals. How should these be used so as the  maximise the improvement, 
of the  breed or population as a whole from repeated testing? To 
answer this question we m ust study the  accum ulation of improvement 
from repeated testing and its dissem ination throughout the  breed.
To study the accum ulation of gains from testing we m ust make 
some assum ptions about the size of the gains in successive generations. 
Our knowledge of the  change in the  genetic param eters and response 
on continued selection in farm  animals is scanty. However, where
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several tra its  m ust be considered concurrently, the  selection pressure 
on any one cannot be very great. Further, the intensity of selection 
possible is fu rther lim ited by a slow reproductive ra te  in  farm  animals. 
On these two points it seems reasonable to  expect the initial gains to 
be continued for several generations. W ith th is assumption, it is easy 
to  show th a t the im provem ent accum ulated after n  generations of 
selecting males is (n/'2)AG , where AG is the gain per generation. If 
only a fraction q of all sires are selected by testing, the  others being 
selected a t random , the im provem ent will be (n/2)q  AG.
W hen we come to  the  dissemination of im provem ent throughout 
the breed we are faced w ith two alternatives. Should the use of the 
testing facilities and selected animals be restricted to  a small section 
of the breed which can ac t as a nucleus for the supply of breeding stock 
to the rest of the  breeding herds? Or should the  facilities and selected 
animals be unrestricted or open to  all breeding herds? A nucleus plan 
is quite feasible in  practice w ith farm  animals. A stratified arrange­
m ent of breeding operations is clearly defined in m any breeds w ith a 
flow of breeding stock from few elite herds to  the m any lower breeding 
herds. A practical example of a nucleus system  is found in the D anish 
Landrace pig where official testing is restricted to the 250 S tate  breeding 
centres. The open plan would ignore the presence of breed structure 
and assume equal use of selected males as sires for the next generation. 
In  practice, th is would rarely be the  case. Instead, selection will be 
only partly  on test results and disproportionate use is likely to  be made 
of males, selected and unselected, from the  elite herds. Unless the 
elite herds are genetically superior, this practice will reduce the  gains 
possible by the open system  proper.
Suppose we employ a nucleus which supplies all the  males needed 
for the other breeding herds. Let us write H n and M n for the genetic 
levels of the nucleus proper and the rest of the  breeding herds re­
spectively in the n th  generation. Then H n is equal to  (n/2)AG. We 
have M„+l =  § (Hn +  M n) and substituting for I I„ and simplifying, 
M n+1 =  % AG[n — 1 +  (1)“]. If n  is large, we can say th a t the  two 
sections are improving a t the  same rate  and th a t the rest of the breeding 
herds lag behind the nucleus by two generations.
W hen considering the open system, we are concerned w ith finding 
whether it  is be tter to  supply all the  breeding males required even 
though their average m erit will be low, or to  supply only a proportion 
whose average m erit will be higher. If we supply a proportion q, 
the average m erit of males used is q AG. Knowing th a t AG declines 
as q increases, we wish to  know w hether there is a maximum for q AG. 
I t  turns out th a t q AG increases continually as q increases so th a t
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the  best value of g is one. We should thus provide all the  males re­
quired in the  breeding herds. An exception to  th is rule is when, to  
m ake q equal to  one, we have to  use anim als which are poorer th an  
average. In  this case the m axim um  gains are when all anim als which 
are above average are used though q will be less th a n  one.
Now let us compare the respective m erits of the nucleus and open 
systems. Since the  nucleus will require only a fraction of the  breeding 
males which the open system  needs, the  ra te  of im provem ent will be 
greater in the  nucleus. Let us take  AG, as the  ra te  of im provem ent 
in the open system  and AG2 th a t in the  nucleus system, and AG2 >  AGx . 
We have shown th a t  AG, will be proportional to  log (N / T ), where 
as before N  is the  to ta l num ber of anim als tested  and  T  the  to ta l 
requirem ent for breeding, and AG2 will be proportional to  log (N s /T ) 
where s is the num ber of breeding sons a  sire in  the  nucleus group 
supplies to  the  rest of the breeding herds. T h a t is, the  use of a nucleus 
system  will increase the ra te  of im provem ent to  the  same extent as 
providing s times the  original testing facilities. The difference in the  
rates of gain under the two systems is proportional to  log s, and roughly 
equal, per un it of log s, to  the gradient of the plot of AG w ith  log (N /T ) .  
Some examples of the increased gains possible by the  nucleus system  
can be studied in the figure taking values of s of 1 0  and 1 0 0  say a t 
different levels of N /T .  Though the ra te  of im provem ent is greater 
in the nucleus system, there is a two-generation lag between the  mean 
of the  nucleus proper and the rest of the  breeding herds. Because of 
this lag, which does no t occur in the  open system, it m ay be 4-5  gene­
rations before the nucleus plan becomes superior bu t, because of its 
greater ra te  of im provement, i t  will increase its superiority w ith  each 
successive generation.
The smaller the nucleus the greater will be the rate  of im provem ent 
because the smaller will be the  requirem ent of tested animals. How- 
ever, if the  nucleus becomes too small, we come up against the  problem 
of inbreeding. F urther, the nucleus should be large enough to supply 
all the remaining breeding herds w ith males, unless we have a  nucleus 
within the original nucleus b u t here again inbreeding would be relevant. 
We reach the conclusion th a t  the  nucleus system  of breeding is pre­
ferable and the nucleus should be of a size specified by the  above pro­
visions and th a t  all testing  facilities be entirely devoted to  testing 
animals from the nucleus for fu tu re  use in the  nucleus.
V. SUMMARY
In  an extension of R obertson’s [1957] work the optim um  tes t design 
and maximum im provem ent were studied when selection comprises (i )
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non-tested members of selected families, (i t ) all members of selected 
families, and (m ) only tested animals. A variation in  considering the 
breeding requirem ent as a to ta l of individuals ra ther th an  of families 
was incorporated. Of the  three cases the  maximum gains are likely 
to  be obtained when all members, tested  and untested, of the selected 
families are used. The to ta l im provem ent is largely determ ined by 
the ratio of the to tal num ber tested to  the  num ber required for breeding 
and by the heritability. The efficiency of the test is fu rther affected 
by the size and nature of the  family and by the test group size. These 
details can be varied to  some extent to  fit the  requirem ents of efficiency.
Consideration was also given of how best to  use the testing facilities 
and selected individuals, so as to  produce the  maximum im provem ent 
in the breed or population as a whole. M axim um  im provem ent will 
be obtained if testing facilities are restricted to  a nucleus group of 
breeders, who in  tu rn  supply the rest of the  breeders w ith  breeding 
stock, so th a t full opportunity  for testing and selection is confined to  
the  nucleus group.
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T h e  advent of pig progeny testing on a  national scale in Britain has made 
it possible to study the genetic parameters of British pigs tested under 
carefully controlled conditions with individual feeding. This paper presents 
estimates of heritabilities and genetic correlations among 35 measurements 
and scores of Large White pigs. To investigate the inter-relationships of 
the large number of items studied, a principal component analysis was 
carried out on the correlation matrices obtained.
M ATERIAL A ND M ETHODS
For tins analysis data from 494 Large White litter groups tested at the 
National Progeny Testing Stations during the period from autum n 1957 
to spring 1959 were used. Only balanced litter groups of two castrated 
males (hogs) and two females (gilts) with complete records were included. 
Pigs entered the stations at 30-45 lb. live-weight, the four pigs comprising 
the litter group being within a weight range of 8 lb. The pigs were fed 
individually by hand to appetite, starting the test at 50 lb. live-weight and 
finishing the test at the first weekly weighing of over 2 0 0  lb. live-weight, 
when they were slaughtered on the following day.
Results were not released to the breeder until four litter groups per sire 
had been tested, but the data here involved 52 sires with four groups, 
40 sires with three groups, 58 sires with two groups and 50 sires with one 
group. The loss of data from 20 pairs of gilts, due to  computer failure, 
made the distribution of sires and degrees of freedom throughout slightly 
different for the two sexes. Sexes were analysed separately.
The five stations provided 25, 20, 15, 27 and 13 % of the data respectively, 
and three consecutive six-month periods 25, 32 and 43%. To each pig, 
‘dummy’ variables ( 0  if absent, 1 if  present) were assigned for four stations 
and two periods (e.g. Quenouille, 1950). The sums of squares and cross- 
products (S.S.P.) of each source of variation could then be corrected for 
differences due to stations, periods and last live-weight (all fixed effects) 
by multiple regression. This is equivalent to the m ethod of fitting additive 
constants, adjusting the original data by these constants (irrespective of 
statistical significance) and then analysing the adjusted data. A hierarchical 
analysis, between sires, between litters within sires, and within litters was 
performed. The expected mean squares are not changed by adjusting the 
data for fixed effects.
The work was done by the Elliott-N.R.D.C. 401 computer at Rothamsted. 
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Three programmes were written, one using ordinary arithmetic for between 
and within-litter S.S.P., one using floating point arithmetic for (weighted 
between-sires S.S.P. and one, floating point, for matrix addition, scab 
multiplication and elimination by regression of ‘dummy’ variables fa 
seasons and stations. The first programme, when accumulating between 
litters S.S.P., subtracted working means from  the observations to avoid 
overflow and to maintain accuracy, and punched out the means for eac! 
sire on tape. This tape was then used as a data tape for the between-sire 
S.S.P. Various data-reading and numerical checks were employed. Tb 
floating point arithmetic works to about seven decimal places, so that tk 
final results are arithmetically correct to a t least three decimal places.
The distribution of additive genetic variance among the various com 
ponents of variation was calculated in the m anner described by Dickers® 
(1947). The genetic relationships (Wright, 1922) required were obtained 
from  a slightly different sample of 60 sires, all with four litter groups tested 
The average relationship between sows mated to  one sire was 0-096 and 
between a sire and Ms mates 0-042. The expected mean squares and tli: 
composition of the components of variance and covariance a re :
Expected Composition
d.f. mean squares of components
.2 , „  2  , .  2  2  _  n . 0 Q c „ 2Between sires 199 o-|-|_2o-2+ 4-935of of =  0-295cr;G
Between litters within sires 288 of+2o-f of =  0-226o^+of
Within litters 493 of of =  o^+O-4790-f
where oG, and erf represent respectively the additive genetic, non-genetii 
fitter, and residual variances and covariance components. The sire com­
ponent will in fact estimate the strictly additive genetic variance plus i 
contribution, assumed negligible, made up of a small fraction of the inter­
action between loci involving additive effects (e.g. Kempthorne, 1955), 
Another assumption is that the effect of farm  environment on pigs comirii 
from different farms is negligible. If  this is not the case, use of the sire 
component will lead to  an overestimate of heritabifity, and tliis reservation 
has to  be borne in mind.
A fitter component of variation is made up of environmental influence 
common to the fitter as a whole, but as estimated will also contain so® 
non-additive genetic effects, principally those due to dominance (Kemp- 
thom e, 1955).
Approximate standard errors were calculated for the portions of the 
variance due to genetic effects and to litter effects (Woolf, 1960, personal 
communication) and standard errors o f the genetic correlations by the 
method of Tallis (1959).
The pattern of correlations obtained for both genetical and residual 
(environmental) effects were examined by principal component analysis (cf. 
Kendall, 1957). The latent roots and vectors required were obtained with 
a standard computer programme.
Complete records were available for each pig on the following 35 measures 
and scores. For the location of some measures see Figure 1.
Daily gain oil test—the average daily weight increment over the test 
period.
Food conversion (live-weight)—the to tal food eaten on test/total live- 
weight gain.
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Fig. 1. Pig carcass showing the location of the carcass measurements.
Food conversion (dead weight)—the total food eaten on test/total dead 
weight gain, the latter taken as carcass weight minus an estimated 
initial carcass weight of 30 lb.
Last live-weight.
Dressing out %—the carcass weight as % of last live-weight.
Length to 1st rib—taken on the warm suspended carcass, from  the 
symphysis pubis to  the anterior edge of the first rib.
Length to atlas—taken on the cold horizontal carcass from the symphysis 
pubis to the atlas joint.
Vertebra number—lumbar plus thoracic.
Carcass depth—maximum depth from the sternum to the back.
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Leg length—from the tip of the toe to the anterior edge o f the symph) 
pubis.
Loin length—from the anterior edge of the symphysis pubis to the poster 
edge of the last rib.
Backfat thickness, measures of fat depth, taken along the mid line 
the back (including skin thickness).
Shoulder—maximum depth at shoulder.
Mid-back—minimum depth in the middle of the back.
Loin 2—depth over middle of the rum p muscle, the gluteus medius.
Loin lx—maximum depth just anterior to the rump muscle.
Measures taken on the exposed face of the side when cut perpendict 
to the line of the back at the posterior edge of the head of the last r 
exposing the ‘eye’ muscle or longissimus dorsi.
Eye muscle A—maximum width of eye muscle.
Eye muscle B—maximum depth of eye muscle perpendicular to  A.
Fat depth C—fat depth over B.
F at depth J—maximum depth of third layer of fat.
Fat depth K—fat depth over the latero-dorsal corner of the eye mns;
Eye muscle area—a planimeter area measure of a tracing of the t 
muscle.
Streak E—fat depth of belly.
Streak D—depth of muscle and interspersed fat over E.
Carcass scores, assessed on a scale of 0-50 with intervals o f 5, indicat 
the suitability o f the carcass for bacon.
On the uncut side— shoulder score, ham  score and carcass conformaf 
score.
On the cut side—back rasher score and streak score.
Flead weight—weight of head removed by a horizontal cut throi 
the atlas joint.
Fillet weight—weight of psoas major.
Flare weight—weight of warm flare fat.
Food eaten per day at three weights during test.
I.—at 50 lb. live-weight.
II.—at 125 lb. live-weighf.
III.—at 200 lb. live-weight.
Disease symptoms at any time on test (absent 0, present 1).
1 .—scouring symptoms.
2 .—‘thum ping’ (symptom of lung disease).
RESULTS
The means of the 35 measures and scores for each sex and their ovei 
standard deviations, corrected for differences between stations, seaso 
and in last live-weight, are given in Table 1. In  general, the gilts were' 
better hacon pigs, being more efficient, no t so fat and with higher muse! 
and carcass scores. The gilts were also slightly less variable than the If 
Body measures such as carcass length had low coefficients of variat 
(2-4% ), growth, efficiency and food eaten had coefficients around 6-1! 
measures of fat depth and muscle depth from 1 0 - 2 0 %, while the varii 
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ster.
line
The total variation was partitioned into additive genetic variance, non- 
genetic litter variance and residual variance. Approximate standard errors 
were attached to these portions. There was good agreement between the 
sexes in the various estimates; only one tra it showed a significant difference 
between sexes for the additive genetic variance, and three traits for the litter
TABLE 1
Means o f 35 traits, and their overall standard deviations after correction for  
differences in stations, seasons and slaughter weight
Hogs Gilts
Mean S.D. Mean S.D.
Daily gain (lb./day) 1-52 014 1 -51 0-12
Food con. (live-wt.) (lb. food/lb. gain) 3-41 0-24 3-31 0-23
Food con. (dead wt.) (lb. food/lb. carc. gain) 4-37 0-29 4-22 0-28
Dressing out % 73-5 1-69 73-9 1-62
Food I. (lb. food/day) 2-35 0-26 2-37 0-26
Food II (lb. food/day) 6-52 0-42 6-24 0-46
Food III (lb. food/day) 7-59 0-50 7-23 0-53
Length to 1st rib (mm.) 802-2 19-6 809-7 20-0
Length to atlas (mm.) 931-3 22-5 938 1 23-6
Vertebra number 21-4 0-55 21-4 0-54
Carcass depth (mm.) 323-5 8-9 324-2 9-5
Leg length (mm.) 604-3 15-1 605-3 15-2
Loin length (mm.) 363-9 15-9 369-4 16-9
Head weight (lb.) 19-41 1-19 19-65 1-12
Backfat shoulder (mm.) 46-9 4-61 44-1 4-28
Backfat mid-back (mm.) 21-8 3-62 18-6 3-02
Backfat loin 2 (mm.) 28-1 4-60 23-8 4-23
Backfat loin lx  (mm.) 33-3 4-24 30-1 4-05
Fat depth C (mm.) 23-1 4-41 18-1 3-42
Fat depth J (mm.) 6-47 2-44 3-89 2-16
Fat depth K (mm.) 30-1 5-01 23-5 4-14
Streak E (mm.) 8-96 1-97 7-88 1-71
Flare weight (lb.) 4-36 0-95 3-88 0-86
Eye muscle A (mm.) 74-1 4-66 78-9 4-90
Eye muscle B (mm.) 44-8 4-54 48-6 4-34
Eye muscle area (sq. cm.) 24-69 3-13 28-09 3-16
Streak D (mm.) 22-5 3-02 21-9 2-96
Fillet weight (lb.) 1-78 0-19 1-92 0-19
Shoulder score (points) 24-5 9-16 24-2 9-24
Ham score (points) 25-6 7-17 28-8 6-93
Back rasher score (points) 23-9 10-50 38-9 7-75
Streak score (points) 31-9 5-81 31-9 5-37
Carcass conformation score (points) 21-8 8-98 23-6 9-13
Disease 1 0-25 0 61 0-19 0-55
Disease 2 0-14 0-50 0-16 0-51








differences. Since at this level of probability (P =  0-05) as many differences 
as these are expected by chance alone, they can be dismissed and the 
estimates for each sex pooled. The pooled estimates are presented in 
Table 2 together with their approximate standard errors. The additive 
genetic portion was significant in all but one tra it and contributed from 
0T4 to 0-78 of the to tal variation in different traits. The litter variance 
contributed considerably less (0-0-28) of the total variation and was 
significant for only 11 traits. O f these, five were associated with gain and
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food eaten on test, suggesting tha t common litter environment had so; 
influence on traits measured during life, but had little carry-over effect it 
carcass traits.
TABLE 2
Proportions o f the variance attributed to different causes and 









Daily gain 0-41 0-099 0-15 0-053 0-41
Food conversion (live-wt.) 0-50 0-098 0-14 0-051 0-36
Food conversion (dead wt.) 0-58 0-101 0-14 0-051 0-21
Dressing out % 0-40 0-091 0-09 0-049 0-51
Food I 0-26 0090 0-18 0-051 0-56
Food II 0-66 0-099 0-07 0-050 0-21
Food III 0-34 0-100 0-28 0-054 0-3!
Length to 1st rib 0-60 0-101 0-12 0-051 0-21
Length to atlas 0-78 0-102 0-04 0-049 0-18
Vertebra number 0-35 0-093 0-07 0-050 0-5!
Carcass depth 0-34 0-087 0-08 0-049 0-58
Leg length 0-50 0-094 0-08 0-050 0-4!
Loin length 0-46 0-093 0-08 0-049 0-44
Head weight 0-49 0-096 0-10 0-050 0-41
Backfat shoulder 0-62 0-101 0-09 0-050 0-2)
Backfat mid-back 0-73 0-097 o-oot 0-047 0-27
Backfat loin 2 0-71 0-100 0-05 0-049 0-24
Backfat loin lx 0-68 0-097 0-01 0-048 0-31
Fat depth C 0-65 0-096 0-02 0-048 0-3!
Fat depth J 0-64 0-093 o-oot 0-046 0-34
Fat depth K 0-73 0-099 o-oot 0-048 0-21
Streak E 0-29 0-089 0-15 0-051 0-56
Flare weight 0-61 0-094 0-00 0-048 0-3!
Eye muscle A 0-46 0-091 0-05 0-049 0-4!
Eye muscle B 0-48 0-091 0-04 0-048 0-4!
Eye muscle area 0-35 0-088 0-07 0-050 0-58
Streak D 0-24 0-085 0-11 0-049 0-65
Fillet weight 0-31 0-088 0-11 0-051 0-58
Shoulder score 0-25 0-083 0-08 0-049 0-61
Ham score 0-35 0-090 0-11 0-051 0-54
Back rasher score 0-59 0-097 0-06 0-049 0-35
Streak score 0-32 0-086 0-08 0-049 0-60
Carcass conformation score 0-31 0-086 0-09 0-050 0-60
Disease 1 0-25 0-084 0-09 0-046 0-66
Disease 2 0-14 0-109 0-11 0-062 0-75
t  Negative components—none significant.
The 35 traits fell into several broad categories measuring fat dep 
and fatness, muscling, body dimensions and so on, and it is convenient 
consider these groups rather than the individual traits. Looking at t 
additive genetic portion of the to tal variation, that is the heritability, 
general description is possible. The estimates of heritability of meas® 
of fat depth ranged from  0-6 to  0-8, o f muscling measures from  0-3 to# 
of carcass scores around 0-3 except for back-rasher score at 0-6, of
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• so; length from 0-5 to 0-8, and of measures of daily gain and food eaten on
ctit test from 0-3 to 0-6. The ranking of these categories and their general
levels of heritability agree fairly well with other published results.
The phenotypic correlations, estimated from the to tal variances and 
covariances were very similar in the two sexes and their average is given 
in Table 3, each correlation having a standard error of about 0-02. The 
genetic correlations were estimated from the sire components of variance 
and covariance and have larger sampling errors. A  num ber o f specimen 
standard errors were calculated following Tallis (1959); these were all 
about 0-2. The agreement between the two sexes for these genetic cor- 
sidsi relations is therefore not expected to be as close as for the phenotypic
*  correlations. Over the table as a whole the two sexes showed a similar
q.̂  pattern of correlations, although many differences were significant. Only
(Hi analysis of further data can show whether these differences are real. The
0-28 genetic correlations for the two sexes combined are given in Table 3. The
° '51 phenotypic and genetic correlations behave similarly. The genetic cor-
P ji relations are, with few exceptions, o f the same sign and of a higher absolute
(Hs value than the phenotypic correlations.
0-28 It is hard to summarise these 1056 correlations in other than general
0-18 terms. It is the biological meaning o f the correlation coefficients, the
jj'5* implications of the degree and sign of relationship, which matters rather
0,Jj than the statistical significance. The first impression from  the table is of
0-4( high phenotypic and genetic correlations among traits concerned with one
0-41 particular aspect of the pig. Measures of fat depth at several locations on
°'2) the carcass are highly correlated, and so too are measures of food efficiency,
measures of length, certain scores, appetite and to a lesser extent measures 
¡HI of muscling. One tra it in each of these groups is probably sufficient to
0-3! represent the whole group. The phenotypic and genetic correlations between
0-36 traits of different categories are of a lower order and frequently not significant,
jj'jj There is a general high negative relationship of fat depth with measures of
muscling and with carcass scores which are positively intercorrelated. The 
O.49 measures of length tend to be positively correlated with measures of muscling
0-48 and some carcass scores but negatively correlated with fat depth, and the
05! reverse holds for carcass depth. Daily gain and food conversion show
jj'jjj quite a high negative correlation with each other, but differ in their associa-
Q.gj tions with other groups of traits, in particular with muscle measures and
054 daily food intake. Food conversion and daily food intake tend to be
0 35 correlated positively with fat depth and negatively with measures of muscling
nffl ant* carcass scores- Among all 33 traits, head weight seems to  be least
0 ® dependent on the others.
Principal component analysis
This technique attempts to summarise all the correlations between a 
number of variates by expressing them  in terms of a lesser number of new 
dep variates, called components, which are linear functions o f the original
ient variates. (These ‘components’ should be carefully distinguished from  the
atli components of variance’ arising in the analysis of variance.) The first
ility, component is chosen so as to account for as much of the correlation pattern
» 8® as Possible. The second component is chosen to be uncorrelated w ith the
to j first and to account for as much of the residual correlation pattern as possible,
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components as original variâtes to  account for all the original correlation 
pattern. The objective is to represent the correlation pattern adequately 
by the first few components and to  concentrate attention on these while 
neglecting the remainder. A  measure of what part of the to tal pattern 
each component describes is given by its latent root, which is in fact the 
variance of that component.
The ‘genetic’ and ‘environmental’ correlations observed among 24 of 
the more important variâtes were chosen for principal component analysis.
TABLE 4
Vectors and latent roots o f the first two principal components (I  and II) 




I II I II
1. Daily gain - 0 0 3 0-24 - 0 0 9 0-28
2. Food conversion (dead wt.) 0-11 - 0 1 6 0-22 - 0-11
3. Dressing out % 0-06 - 0 1 9 0-14 -0 -2 9
4. Length to 1st rib -0 -1 8 0-29 0-08 0-24
5. Carcass depth 018 -0 -3 8 0-00 -0 -4 0
6. Leg length -0 -1 8 003 —0-19 - 0-21
7. Backfat shoulder 0-30 0-04 0-05 - 0 0 5
8. Backfat mid-back 0-28 010 0-23 -0 -0 6
9. Backfat loin 2 0-29 0-05 0-32 014
10. Backfat loin lx 0-30 009 0-29 0-07
11. Fat depth C 0-30 0-14 0-39 - 0 0 1
12. Fat depth J 0-25 0-14 0-22 - 0 0 4
13. Fat depth K 0-30 0-08 0-35 005
14. Streak E 0-11 -0 -0 7 0-32 - 0 1 1
15. Flare weight 0-19 0-04 0-20 -0 -1 4
16. Eye muscle A - 0-22 —0-25 - 0 0 9 -0 -13
17. Eye muscle B - 0 1 3 -0 -1 9 - 0 0 5 -0 -0 4
18. Streak D 004 -0 -3 0 013 -0 -15
19. Fillet weight - 0 0 7 - 0 0 9 -0 -0 9 —0-11
20. Shoulder score - 0-21 0-34 0-06 0-43
21. Ham score -0 -0 5 —0-21 0-10 0-16
22. Back rasher score -0 -31 - 0 0 9 -0 -2 8 - 0-02
23. Streak score 003 -0 -3 7 0-20 -0 -1 8
24. Carcass conformation score - 0-20 0-28 006 0-43
Latent root 8-63 3-83 4-22 3-40
Correlations, rather than covariances, were used since the scales o f measure­
ment of the different variâtes are not comparable. While the sum of the 
latent roots of the 24 components is 24 in each case, the first two latent roots 
add up to 12-46 and 7-62 for the genetic and environmental correlation 
matrices respectively. The third and fourth latent roots add up to  4-86 
and 4-00 for the two matrices respectively, and the other roots are com­
paratively unimportant. The first two components here give a reasonable 
approximation to the correlation pattern. A ttention can be concentrated 
on these two components, so simplifying the problem of assimilating a 
mass of correlation coefficients.
In the matrix of genetic correlations 6  of the 24 latent roots turned out
SM ITH, K IN G  A N D  GILBERT
Fig. 2. Diagram of the vectors of the first two components (I and II) of the 
genetic and environmental correlation matrices. (Numbers on vectors refer 
to traits listed in Table 4.)
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to be negative. This would be impossible in an ordinary correlation matrix, 
but in a derived matrix could be due to a variety of causes, e.g. sampling 
errors in the components of variance and covariance, or a failure of the 
assumptions made in the interpretation of these components. The principal 
components analysis may have the virtue of extracting two reliable variates 
from a mass of correlation coefficients which individually are of doubtful 
reliability.
The first two latent roots and their vectors for the genetic and environ­
mental correlation matrices are given in Table 4. The vector coefficients 
for the genetic and environmental cases are seen to  be in good agreement 
for the first two principal components. This means that the major genetic 
and major environmental relations between the traits considered are similar. 
The first principal component of the genetic correlation matrix has high 
positive vector coefficients for measures of fat depth and high negative 
vector coefficients for back rasher score, shoulder score, carcass conforma­
tion score, length and eye muscle depth and width. The first component 
could therefore be interpreted as some function of fatness which is negatively 
associated with measures of carcass desirability, muscle measures and 
length. The second principal component has high positive vector coefficients 
for length, carcass conformation score, shoulder score and daily gain and 
high negative vector coefficients for carcass depth, streak D and streak score, 
ham score, eye muscle width and % dressed carcass. Thus it appears to be 
associated with carcass dimensions, that is length and depth, and reflects 
greater muscle measurements both  in the eye muscle and streak.
A visual representation of the first two principal components helps to 
summarise the information which the analysis provides about the correlation 
matrix. In the figure (Figure 2) the vector of the first two components of 
the genetic and environmental correlation matrices have been plotted and 
the points joined to the origin. To reflect the relative importance of the 
two components in explaining the correlation pattern, the vectors have been 
multiplied by the square roo t of the latent root and plotted on a common 
scale. Traits whose lines are close together will be similar in nature, those 
with lines at right angles to  each other will be independent, and those with 
lines diametrically opposed are equivalent in that they measure the same 
quantity but differ in sign. It m ust be emphasised again that the first two 
vectors merely approximate the actual correlations which are set out in 
Table 3, so that the spatial arrangement in the figure accounts for only 
some part of the relations among traits.
In the genetic analysis the 8  measurements of fat depth (Nos. 12, 11, 8 , 
10,13, 15, 9 and 7) are compactly grouped, showing that these measurements 
are measuring very much the same tiring and in addition tha t back rasher 
score (No. 22) can be regarded as essentially a negative measure of fat depth. 
Eye muscle width (No. 16) and eye muscle depth (No. 17) and fillet weight 
(No. 19) he together and are negatively associated with fat depth. Shoulder 
score (No. 20) and carcass conformation score (No. 24) are, apparently, 
largely determined by the length of the carcass (No. 4) and are opposite to 
carcass depth (No. 5). Streak score (No. 23) is close to the measurement 
of muscle in streak D (No. 18) and removed from the measure of streak 
fat (streak E, No. 14) which shows a closer affinity to other fat measurements. 
The expected relationships between daily gain (No. 1), food conversion 
(dead weight) (No. 2) and dressing out % (No. 3) can be seen although
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the short radii shown on this figure indicates that the correlations explained 
by these first two principal components are not high.
The figure of components for the environmental correlation matrix is 
broadly similar to  the genetic one but individual traits are more dispersed 
and do not show the same close associations. There also appears to have 
been a rotation of the axis of the diagram, but without any fundamental 
change in relationships.
DISCUSSION
The practical significance of the estimated genetic parameters lies in the 
prediction of improvement through selection. The expected genetic change 
in a population through selection is determined by the heritability of each 
trait, the selection differential applied and the genetic correlation among 
the characters under study.
The traits most commonly investigated in pigs have been daily gain, 
food conversion, backfat thickness and carcass length. A resumé of the 
estimates of the heritabilities for these traits calculated from progeny testing 
station records is given in Table 5.
TABLE 5
A summary o f the herit abilities o f four traits estimated 
from  progeny testing station records
Group feeding Individual feeding
1 2 3 4 5 6 7 8
Daily gain 0-24 — 0-25 0-21 0-15 0-50 0-44 0-41
Food conversion — 0-30 018 — — 0-58 0-44 0-50
Carcass length 0-47 0-40 0-61 0-66 0-39 0-48 0-45 0-60
Backfat thickness 0-54 0-43 0-54 0-48 0-43 0-55 0-47 0-66
(1) Lush (1936). Danish Landrace, 83 sires.
(2) Fredeen (1953). Canadian Yorkshire, 644 sires.
(3) Johansson and Korkman (1950). Swedish Landrace, 1693 sires.
(4) Osterhoff (1956). Swedish Landrace, 640 sires.
(5) Broderick (1960). Irish Large White, 60 sires.
(6) Fredeen and Jonsson (1957). Danish Landrace, 468 sires.
(7) Jonsson and King (1962). Danish Landrace, 935 sires.
(8) Smith, King and Gilbert (here). British Large White, 200 sires.
There is no basic necessity for the estimates of heritability relating to 
various populations and environments to  agree. In view o f the sampling 
errors and the various biases to which they are liable, there is good agreement 
in the estimates of heritability of backfat thickness and carcass lengtli 
among the different authors, and good agreement within feeding regime 
for daily gain and food conversion. The different degree of heritability, 
however, for these two latter traits in the two sexes found by Fredeen and 
Jonsson (1957) was not apparent here. Jonsson (1959) compared the 
variation among group-fed and individually-fed pigs and found that the 
higher estimates of heritability of daily gain in the latter arose largely from 
the reduction of the intra-test-group (intra-litter) component, and ascribed 
this reduction to  the elimination of intra-litter competition when pigs are
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individually fed. In  agreement with the estimates of Fredeen (1953) and 
Jonsson and King (1962) heritabilities o f visual scores of carcass suit­
ability such as ham  score, shoulder score and carcass scores tended to be 
less than the heritabilities of measurements of carcass desirability especially 
fat depth and carcass length. Few estimates of the heritability of eye muscle 
measurements appear in the literature. An estimate of 0-66 for eye muscle 
area reported by Fredeen (1953) and one of 0-29 for eye muscle depth by 
King (1957) may be compared respectively with the estimates 0-35 and 
0-48 reported here.
Analyses of testing station records have been a common means of 
investigating the genetic parameters of pig populations but this type of 
data may be somewhat artificial. Pigs entering a testing station are usually 
of selected parents, of a uniform weight and conform to the ideals of the 
breeder. The progeny of a sire experience the same pre-test farm environ­
ment, the effect o f which may not be insignificant (.Lauprecht and Walter, 
1960; Broderick, 1960; Jonsson and King, 1962), and tend to be con­
temporary at the station. Breeders may favour different ideals or some 
may be more successful than others so that dissimilar strains exist. On 
the other hand only those breeders w ith a common goal may enter into 
progeny testing. These factors, if  they are relevant, may affect the estimates 
of heritability in testing station data and should be bom e in mind in inter­
preting and applying the estimates of genetic parameters in practice.
The selection differential for any one trait will be determined by the 
emphasis it receives when breeders make their selections, and by the choice 
available among breeding animals. Of the breeders who progeny-tested 
Large White boars in Britain in 1960 only 25%  tested more than one boar 
per year so that within herds the choice among boars tested at the stations 
is very limited. On the other hand the individual breeder may choose 
from the total of 141 boars tested. A  strong demand for progeny of high- 
ranking boars indicates that this type of selection is common. The selection 
differential depends not only on the intensity of selection but also on the 
observed variability of the trait. That different degrees of variability, may 
exist in different pig populations is brought out by comparing Danish 
Landrace (Jonsson and King, 1962) and British Large White pigs all 
fed individually at testing stations. The standard deviations, averaged over 
the two sexes, for four traits are given below.
British Large White Danish Landrace 
(1) (2)
Daily gain (lb./day) 0-13 0-07
Live food conversion (lb. food/lb. gain) 0-23 0-14
Length to atlas (mm.) 23'0 20-0
Backfat thickness (mm.) 3-38 2-94
(1) Smith, King and Gilbert (here).
(2) Jonsson and King (1962).
British Large Whites are about twice as variable as Danish Landrace 
for daily gain and food conversion and are also more variable for backfat 
thickness and carcass length, though the latter two are not quite identical 
measurements in the two populations. Because of this higher degree of 
variability with effectively the same heritabilities, a greater rate of improve­
ment should be possible (with the same intensity of selection) in British
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than in Danish pigs. Referring back to the work of Jonsson (1959) in of 
comparing the variation and heritability of individually- and group-fed is 
pigs the higher heritability of daily gain noted in the former m ust be set an 
against the concurrent reduction in variation. Because the selection differ, ha 
ential, with the same intensity of selection, will be less, the genetic improve- an 
ment on individual feeding may not be greatly increased in spite of the D. 
higher heritability. I t is interesting to speculate on why different levels of to 
variability exist in the Danish Landrace and British Large White. The an 
lower variability of the Danish Landrace may be due to the effects of long fr< 
term  selection in improving these traits as illustrated by Clausen and fee 
N ortoft Thomsen (1961) for backfat thickness. The difference may also be 
partly due to  the different feeding systems employed. de
By selection for one or several traits the breeder indirectly exerts selection tic 
pressure on other traits. The value of Iris selections may be nullified if co
va
TABLE 6  pc
ex
Expected response from  one generation o f selection fo r  various traits









improvement gain (lb. food/ backfat Length area mation
in (lb./day) lb. carcass (mm.) (mm.) (cm2) (points)
Daily gain 0039 - 0 0 6 - 0 0 5 1-4 -0 -3 4 0-8
Food conversion 0025 - 0-12 -0-41 1-5 0-33 1-4
(dead wt.) 
Average backfat 0001 - 0 0 3 -1 -8 4 3-3 0-46 1-5
Length 0 007 - 0 0 2 - 0-68 7-9 008 1-7
Eye muscle area - 0 0 1 4 - 0 0 4 —0-72 0-6 0-88 0-5
Carcass conformation 0012 -0 -05 -0 -8 0 4-5 016 2-3
traits are incompatible but increased if desirable traits have favourable 
genetic correlations. The genetic correlations presented in Table 3 provide mi 
information about the expected correlated response in one tra it when da 
selecting for another. To bring out the nature and sizes of the correlated dr 
responses those expected in six characters following selection for any one or 
of them are shown in Table 6 , when for example the best 25% of tested ea 
boars are used for breeding. These six characters were chosen as of primary st; 
importance by the N ational Pig Progeny Testing Board-
Favourable responses are negative for food conversion and backfat an 
thickness and positive for the other traits. A part from  that between daily an 
gain and eye muscle area the correlated responses in the above table are ar 
favourable. However, they provide only some part of the response obtainable T1 
by direct selection for each trait. The compatibility of improvements in m' 
speed of growth and food conversion with reduction in backfat thickness an 
and improvement in carcass desirability makes the improvement on these an 
two fronts an apparently straightforward process. From  the overall efficiency fo 
of pig production their compatibility with a third front, that of reproductive 
performance, is very relevant but has still to be investigated. an
Comparisons of the genetic correlations, used in Table 6  and give» an 
extensively in Table 3, with other published estimates are not easy because
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) in of the high sampling error of all estimates. As far as can be judged, there
-fed is substantial agreement with the various estimates presented by Johansson
set and Korkman (1950), Jonsson (1959) and Jonsson and King (1962). There
Her- has been no confirmation either here or in the literature of an im portant
eve- antagonism between food conversion and carcass leanness reported by 
th Dickerson (1947) in inbred lines of Poland China pigs. There would appear 
s of to be a progressive reduction in the genetic correlation between daily gain 
The and food conversion from  about —0-9, down to —0-6, as one moves away 
.out from the more restricted system of Danish feeding towards complete ad lib. 
and feeding.
3 bi The results obtained from  the principal component analysis have been
described in some detail and it only remains to  discuss their wider implica­
tion tions. The two analyses carried out on the environmental and genetical 
d I components respectively show tha t in the latter much more of the observed 
variation in the correlation matrix can be explained by two principal com­
ponents. Tins is to be expected as the genetical correlation matrix has 
excluded many of the attenuating effects produced by errors of measurement. 
The analysis to this extent makes a closer approach to the underlying 
relationships but leaves a m ajor problem unsolved. This is to  know if, 
and in what manner, principal components revealed by statistical analysis 
cass can be related to biological mechanisms. While it is true that a biological 
for- mechanism can give rise to an identifiable component, the reverse is by no
tion means necessarily true. Thus although it is tempting to  identify the first
ints) principal component with some function of fatness, and advocates of factor
,g analysis would undoubtedly do so, this step may not be justified. Until
■4 there are physiological measures of fat metabolism available with winch 
to correlate the fatness factor the identification of factors would be 
'5 misleading, particularly since they are so dependent on the spectrum of 
'j measurements chosen for analysis.
•3
SUMMARY
able Estimates of heritabilities and genetic correlations among 35 measure-
vide ments and scores of British Large W hite bacon pigs are reported. Tire 
/lien data came from pigs tested at the five N ational Progeny Testing Stations 
ated during the period autumn 1957 to  spring 1959, and comprised full records 
one on 1936 pigs from 200 sires. Independent analyses were carried out for 
isted each sex, and adjustments were made to the data for differences among 
nary stations, six-monthly periods and weight a t slaughter.
Genetic parameters were estimated from sire components of variation 
:kfat and covariation obtained by conventional heirarchical analyses of variance 
laily and covariance. Estimates of the heritabilities and their standard errors 
are are given in Table 2, and of genetic and phenotypic correlations in Table 3. 
able These estimates, which agree in general with other estimates in the literature, 
;s in indicate that a large part of the variation and covariation is o f genetic origin 
ness and that carcass traits, growth rate and food conversion efficiency are 
hese amenable to change by selection. Moreover, no serious antagonisms were 
sncy found to exist with regard to improvement by selection,
etive An attempt has been made to  summarise the correlation matrix pattern
among 24 of the more im portant traits by using a principal component 
ivei analysis. The first two principal components account for a disproportionate 
ausf fraction of the correlation pattern especially of the genetic correlation
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matrix. Two principal components are given for each tra it; the first a 
be associated with measurements of fat depth.
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ESTIM ATION OF GEN ETIC CH A N G E IN  FA RM  
LIVESTOCK U SIN G  FIELD  RECORDS
C ha rles  Sm ith  
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In the past it has not been possible to measure the genetic changes in 
performance which have occurred in farm  livestock because there has been 
no means of determining what part o f the to tal change was in fact genetic. 
Methods using planned comparisons with special breeding groups are now 
available to measure genetic change in breeding stocks under selection 
(Gowe, Robertson and Latter, 1959; Goodwin, Dickerson and Lamoureux, 
1955; Dickerson, 1960). However, the problem remains in accumulated 
data or in populations where no control comparisons are to be available. 
An attempt is to be made in this paper to measure genetic change using field 
records by comparing the change with time in performance of successive 
progeny groups of individual sires with the change in the whole population.
The early attempts o f Lortscher (1937) and Nelson (1943) to measure 
genetic change in herd performance have been criticised because their age 
correction factors were confounded with year effects and because even small 
errors in age correction factors derived from  other sources could create a 
serious bias in the estimates of change (Rendel and Robertson, 1950). M ore 
recently Elston (1959) presented a scheme for measuring genetic change due 
to sire selection by measuring the change in the average sire effect with time.
Sources o f change in performance
Several factors may contribute to changes in performance with time. 
There may be changes in nutrition, husbandry and health and there may also 
be genetic change. In  successive performances individuals will change in 
age. There may be a change in the age distribution of the population and 
some culling on early performance, the effects of which will be confounded 
with age differences. Lastly spurious changes such as changes in scale or 
form of measurement are possible.
A clear plan of the structure of a herd or population and the changes it 
undergoes with time is given by a three-way classification extending to several 
time groups (T ), age groups (A) and genetic groups (G). Assuming the 
changes are additive, they can be represented, as in Figure 1, by the small 
letters which are the deviations from  the values of T, A  and G respectively 
in the first square.
This diagram corresponds to that of Rendel and Robertson (1950), and 
as they have shown, the f  s, g ’s and a’s cannot be estimated separately unless 
one of the deviations is specified. Tins may be possible if  the effect o f age 
changes or time changes are zero or known at any point. Otherwise, one
can only deal with differences in rate of change, e.g. but these will
tell nothing about the absolute changes.
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The partition o f  change
To partition the total change in performance into its component parts, 
the symmetry of the structure o f Figure 1 must be breached in some way, 
Neither time nor age classes can be exactly repeated for one set of individuals
G E N E T IC  G R O U PS
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F io. 1. A diagram of age and genetic changes with time in a herd or population.
but it is possible to produce a new set o f individuals having the same average 
genotype as an earlier set. The random -bred control (Gowe, Robertson and 
Latter, 1959) and the repeat-mating technique (Goodwin, Dickerson and 
Lamoureux, 1955, 1960) use this principle, that is:
T„ T1
Control group 0 tx
Experimental group 0 ii+^Ti
and so the g ’s and t’s and similarly the a ’s can be estimated. These methods 
can be used to measure genetic change in stocks at present under selection.
In field data, sires are likely to have progeny bom  in several years and so 
they provide some continuity of genotypes by which genetic change can be 
measured. I f  the change in performance of a population over one year is 
represented by t+ g , then the change in performance of successive groups 
of progenies of individual sires is i + |g ,  assuming their mates are random 
samples of those available. That is, the genetic change in the populatiot 
is g, the genetic change in any sire is taken to be zero, so that the genetic 
change in his progeny over one year is \g . The difference ( i+ g ) —(f+ii) 
measures half the genetic change in that year. The individual g ’s and (>
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and so also the a ’s can be estimated in this way. If  the changes are linear 
or alternatively if it is wished to measure their average, they can be accumu­
lated over several years and expressed as a rate o f change or total change. 
Dickerson (1960) has proposed substantially the same principle to measure 
response to selection in experiments with farm animals, namely the com­
parison of contemporary progenies by sires of two different generations.
These techniques in fact measure the genetic change due to changes in 
the array of sires and assume tha t the same rate of change is occurring 
in both sexes. Since dams are daughters of sires of the previous generation, 
it is unlikely that different rates of change could exist in the two sexes over 
a period of time. The same procedure could be followed using the within- 
dam change but the effects o f  dam  age and culling may introduce biases. 
It may be noted that the comparison o f each sire with a population average 
which omits rather than includes that sire’s progeny, will lead to some over­
estimation of genetic change especially if  only a few sires are involved.
Two estimates of change can be used, one derived from  the regressions 
of performance on time, the other from  differences in means with time. In 
a later section of this paper the rate o f genetic change in performance has 
been estimated as 2 (bPT —bST ) where bPT is the linear regression of 
population performance on time and bST the pooled within-sire regression 
of progeny performance on time. To avoid year to year fluctuations in 
environment, the expression 2 b(P_S)T, twice the pooled within-sire regres­
sion on time of the difference between the population and individual sire 
means, can be used. Using means rather than regressions, the genetic 
change over y  years is given b y :
2 [ ( ^ ry - X Sy) - ( X ro- X sJ]
y
where X T and X s  are the population and repeated sire means, or by the 
average of this expression over the y  years (Dickerson, 1960). The regressions 
will be more efficient estimates o f change than the means unless the initial 
difference (X To—X s)  is taken as zero and known to be without error but this 
will not be possible in practice. An improved estimate would be obtained 
by combining the estimates of change derived from the regressions and the 
means (Leech and Healy, 1959) but this has not been attempted.
Of various non-additive effects which may arise, a sire-year interaction 
is the most relevant, for it will affect the within-sire change with time. 
Changes in environment may be either short term  fluctuations or long term 
persistent changes. In  the former a sire-year interaction can be regarded 
as additional error contributing to the variance of the average within-sire 
change with time and, provided there are many sires, will not bias the estimates 
of genetic change. I f  environmental change is of a long term  nature, a 
sire-year interaction will reflect real genetic change in a sire’s breeding value 
and the within-sire change will again be appropriate for estimating genetic 
change.
Application to field  data
The application of the above methods in practice may not be quite 
straightforward owing to the unbalanced nature of field data. If  sires used 
in several years have been selected on the performance of their early progeny,
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there will be some regression to the mean in their subsequent progem 
This will affect the change in performance of progeny of a sire with time an; 
bias the estimate of genetic change. However, if there is a time of decisio: 
in selecting or culling sires then the records on progeny born before or aft 
this time can each be used separately to  give unbiased estimates o f genets 
change. Alternatively, the early records can be adjusted to account for ft 
expected regression. In practice, after some initial selection am ong breed® 
animals on their progeny records, a progressive type of culling is likely an: 
the bias this causes will be hard to eliminate.
In  practice, older sires tend to  have older mates. I f  there are no a§ 
effects or effects of culling o f dams, the within-sire change provides a:
estimate of t+ g  ^  ^  where x  is the regression of age of dam  on aget;
sire. Otherwise the within age class of dam  within-sire change in performanc 
measuring will avoid biases arising if the mates o f a sire are oldei,
progressively culled and from  different genetic groups as the sire gets olda.
To provide a sound estimate of genetic change over a period of yean 
each year should be well represented. There m ust be an overlap in tin: 
o f progenies of different sires for in periods w ithout an overlap, the within 
sire change, and so the genetic change, cannot be estimated. The averag 
genetic change per year or the rate of change over a period o f years, wif 
usually be required even if  the trend is no t exactly linear. However, ifi 
be more informative, the genetic change from  one year to the next can fe 
estimated although the precision o f the individual estimates will be less.
Variance o f  estimates
Some indication of the reliability o f the estimates of genetic change i 
needed and approximate standard errors can be obtained. The maximui 
variance of 2(bPT—bST) may be written 4(VbPT+ V bST) assuming tit 
regressions to be positively correlated as is likely but not necessary. If tin 
estimate 2Z>(P_S)r is used, the variance is simply 4 Vb^p_S)T .
The theoretical variance of 2(bPT—bST) may be written approximate!)
,  u 1 , 1  4 a  h
N T y hnsTy
where a is the standard deviation of the trait concerned, N  is the total numbti 
o f records per year and ns the number o f records per year for the sth site 
Y  the total number of years and y  the number of years in which the sth sire
Y (Y 2— 1) v(v2— 1)
is present and TY =  — and Ty = — —— . Since the first term n
expression ( 1) will be much smaller than the second unless many sires are 
spread over the whole period, the variance reduces approximately to
4a2
nLTy
where n is the average num ber o f records for each sire in any year. A« 
approximate variance of the estimate 2 b(p_S) T is also given by this 
expression. It should be noted that this variance does no t take into account 
the degree of overlap of different sires over time.






































The standard error o f an estimate of genetic change derived by this 
method from a given body of data can be obtained from expression (2 ) and 
will indicate whether an analysis of this type will be worthwhile. For example 
if 10 sires had an average of 2 0  progeny per year, six sires in each of three 
years and four sires over five years, then n =  20, Z Ty =  6 x 2 + 4 x  10 =  52
and the standard error o f an estimate of genetic change would be about 
2tr/V20 X 52 =  -06(7
Planned use o f  repeated sires
In planning to repeat sires over several years specifically to measure 
genetic change, expression (2) can be used as a guide to design. I f  s sires are 
used over y  years with n progeny each per year the variance of the estimate 
of genetic change is proportional to the inverse of T  and to the inverse of 
ns. Since T  increases approximately as y 3, extending the num ber of years 
over which individual sires have progeny will be more effective in reducing 
the variance than will increasing the total progeny of repeated sires in each 
year. To avoid a possible bias from  a sire-year interaction many sires, 
rather than few, should be repeated. The actual requirements, in terms 
of number of years and number o f progeny from repeated sires, to measure 
a certain rate of change can be determined. To dem onstrate as significant a 
rate of change of say g standard deviation units per year a standard error 
of estimate of \g o  would be required. Equating this to expression (2) then:
To economise on facilities, the breeding life of repeated sires should be as 
long as possible, though it will take correspondingly as many years to show 
any genetic change. The total num ber of progeny per year from  repeated 
sires is proportional to the inverse o f the square of g. Thus it takes 
four times as many records to  measure with the same accuracy a genetic 
change of 0-Ict as one of 0-2cr, 25 times as many as one of 0-5ct and 100 times 
as many as one of 1 -O ct. Very large facilities will be required to demonstrate 
a small rate of change.
By increasing the num ber of progeny from  repeated sires in their first 
and final years, and omitting progeny during intermediate years, the same 
precision can be obtained with fewer total progeny per sire. The variance 
of an estimate of genetic change obtained in this way (B ) is approximately 
8a2/iVi(y—l ) 2 compared with 4 a2/«s j 1, the variance o f the previous estimate 
(A), where N x and ns are the total num ber of progeny o f repeated sires in 
each year in their respective systems. The rate of genetic change in  a popula­
tion can also be measured by using a random -bred control group (C), 
(Gowe, Robertson and Latter, 1959). The regression of the difference of the 
population mean and the control groups mean on time measures the rate of 
genetic change with a variance cr2l N T  where N c is the num ber o f progeny 
per year in the control group.
The total number of progeny required by the three methods (for A, yns; 
B, 2Np, C, yN c) to obtain the same precision for an estimate of genetic 
change over a number of years can be compared. The ratios of the required
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numbers of progeny in B  and in C  to that in A  are given below for perio; 




1 2 3 4 5 6 7 8 9  10
— 1 0-67 0-56 0-50 0-47 0-44 0-43 042  0-41
C
A
0-25 0-25 0-25 0-25 0-25 0-25 0-25 0-25 0-25
A saving of over 50 % of total progeny is made by testing sires extensive! 
initially and again after a 5-10 year period. A scheme of this type is pi 
ticularly well suited to artificial insemination and storage o f semen os 
many years. The facilities required by the random  bred control methodai 
only one quarter o f those needed by the repeated sires m ethod as shos 
above. Moreover, the term  Ty is not limited by the breeding life of sit? 
as in the previous cases. Unless possible biases are considered import* 
(Goodwin, Dickerson and Lamoureux, 1960) the random  bred contti 
method m ust be the m ethod of choice to measure genetic change in 
population under selection.
AN  A PPL IC A TIO N
Material
The data used to dem onstrate the application of this m ethod to measii: 
genetic change were records kept by a pedigree pig breeder over the yet 
1950-58 on some 1,188 Large White litters. Over this period there m 
striking changes in several carcass traits, as shown in Table 1.
TABLE 1










Fat depth Fat depi 
shoulder mid-bad
Year litters (days) (lb.) out(% ) (mm.) (mm.) (mm,|
1950 72 230 165 75-7 785 50-9 27-9
1951 41 224 158 75-4 784 50-6 280
1952 115 228 158 75-3 790 52-5 271
1953 136 226 153 73-9 798 49-9 24-8
1954 148 215 151 73-9 797 48-0 24-6
1955 146 213 151 73-9 804 49-5 240
1956 172 199 150 74-1 811 49-3 23-8
1957 177 204 148 73-6 814 47-3 221
1958 191 197 150 73-9 824 47-4 21-8
Total change - 3 3 -1 5 - 1-8 39 -3 -5 -61















































The total changes in age at slaughter, carcass weight, carcass length at of sc 
mid-back fat depth were greater than their respective estimated within f  mon

































standard deviations. The change in carcass weight may account for some 
part of the changes in backfat thickness, dressing out % and age at slaughter. 
Carcass length on the other hand increased by 39 mm. in spite of the decrease 
in carcass weight. The trends were fairly linear over the period, so tha t the 
average change per year is a meaningful figure. Gross changes, due for 
example to changes in husbandry or changes in measurement, will show up 
sharply in the year means, for example the decrease of 5 lb. in carcass weight 
from 1952 to 1953, coinciding with decreases o f 1-4%, 2-6 mm. and 2-3 mm. 
in dressing-out %, shoulder and mid-baclc fat depth respectively.
The pedigree and the litter averages for the above six carcass traits were 
available for each litter. Only pigs which were slaughtered for bacon at 
190-240 lb. live-weight, an average of 5-5 per litter, had carcass records. 
The remainder, about 1 -2 per litter, were either retained for breeding or sold 
for pork at lighter weights. The measurements were taken co-operatively 
by the factory staff and the farmer and some attem pt was made to 
standardise them over the years.
In contrast to the changes from one year to the next, seasonal differences 
in performance were negligible. Selection among sows seemed to depend 
on their own reproductive performance rather than on the carcass measure­
ments of their litters. Thus sows that were culled, weaned about 3 pigs less 
than average in their last litter but their pigs were average in their carcass 
traits. Of the 85 boars having progeny, 21 each had over 20 litters spread 
over two or more years and their 998 litters were used to estimate the within- 
sire change with time. Selection among sires was measured by comparing 
the progeny from each of these 2 1  sires in their first year of use with the 
progeny of contemporary young boars which were not retained for breeding. 
The average selection differentials were —0-82 days for age at slaughter, 
—0-09 lbs. and —0-16% for carcass weight and dressing-out % respectively, 
+5-09 mm. for carcass length and — 1 -33 mm. and — 1 -63 mm. for mid-back 
and shoulder backfat thickness respectively. Those for backfat thickness 
and carcass length are thus about one third of a standard deviation and the 
others much less. This am ount o f selection for backfat thickness and carcass 
length among young boars is likely to bias the estimates of genetic change in 
these traits.
Measurement o f genetic change
A visual representation of this method of estimating genetic change may 
be more convincing if less precise than a statistical one. Herd and individual 
sire progeny averages in each year are shown graphically for carcass length 
in Figure 2  and demonstrate the nature of the differences on which the method 
depends.
Year to year changes in sire progeny means were usually less than the 
annual changes in the herd average, so tha t relative to  the herd average 
individual sire progeny means fell w ith time. This is convincing evidence 
that genetic change in carcass length was taking place.
The average annual change in the herd, as estimated by the linear regres­
sion of each trait on time, measures t+0-98g, the average age of sows in 
the herd increasing by half a m onth per year. The pooled within age class 
of sow within-sire regression measures t+ \g .  Because of an increase of six 
months in the average age of dams per year increase in age of sire, the ordinary
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pooled within-sire regression measures t-\-\g  if there are no effects of cat 
or age differences among dams. The estimates of genetic change derit 
from  these regressions are given in Table 2.
The individual within-sire regressions showed heterogeneity, but due 
contem porary sires having different regressions, perhaps from  sire-v, 
interactions, rather than to the regressions over one period being differ, 
in sign or magnitude from those in another. The pooled within-sire rep 
sions differed significantly, trait by trait, from  the to tal regressions.
Selection among sires may bias the estimates o f genetic change. In 
attem pt to reduce this bias the analyses were repeated after omitting
F ig . 2. G rap h  o f  herd and  in d iv id u a l s ire  p rogen y  averages fo r  carcass len g th  in  each?
first 15 litters of each sire, since it appeared that sires were selected oni 
first 10-15 litters, for boars used after siring 15 litters continued to bet 
for some time. One sire produced 200 of the 998 litters over a period 
5 |  years. Since the pooled within-sire regressions depend disproportion!: 
on the changes within this sire’s progeny the estimates of genetic change! 
been recalculated after omitting the data on this sire, and these are i 
shown in Table 2.
The change in progeny from  repeated matings will provide an estiir. 
of environmental change, but this will be biased if  the parents have! 
selected or if  the dam ’s age affects her litter’s performance. In these c 
there were 179 repeated matings, some appearing several times and 
different intervals. These were combined to provide an estimate of the ̂  
age environmental change per year. The genetic change is taken as 
difference between this and the total change and is shown in Table 2.
By and large, the estimates of genetic change calculated by diffe 
methods give rather similar results. Those from the within-sire regress*
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and repeated matings are similar to the estimates from  the within aj 0  
dam within-sire regressions indicating that the effects o f  age and sels: ,
among sows were not serious sources of bias. Omitting the first 151 11 
per sire from the analyses had little effect on the estimates. Perhaps s \  
selection on 15 litters was quite accurate, regression to the mean ini tl 
litters was small. On the other hand, the estimates may agree because; le 
greater weight is thrown on the change within the sire w ith 2 0 0  lit: fii 
Omitting the sire with 200 litters from the analyses results in different; tl 
mates o f genetic change in two traits, age at slaughter and carcass wei: w 
but not in the other four. This provides additional confidence in the estii ai 
of genetic change for carcass length and baclcfat thickness but less confié a 
in the estimates for other characters. ai
There appears to have been little genetic change in age at slanj oi 
although there was an observed decrease of 4-9 days per year. Get w’ 
changes in the other five traits, however, were all significant. Carcass we 
seems to have decreased both  genetically and environmentally while 
genetic change in dressing out % was apparently larger than  the total ck 
Genetic changes in these two traits are not necessarily spurious fort 
heritabilities are about 0-3 (e.g. King, 1957). Further, the estimated get 
changes are compatible, a 0-3% decrease in dressing out % correspoiii 
to a 0 - 6  lb. decrease in carcass weight.
The genetic changes for carcass length and backfat thickness can 
viewed with more confidence, all estimates being significant and in ? Sei 
agreement with one another. The genetic change in carcass length w Fo 
fact greater than the total change. This is quite possible, for the decreas py 
carcass weight would bring some decrease in carcass length, while 
observed change was in the opposite direction. The genetic change 
backfat thickness equalled or exceeded the total changes. Here the decn 
in age at slaughter should bring an increase in backfat thickness and gc 
decrease in carcass weight will tend to reduce backfat thickness. t
How were the genetic changes brought about? The breeder pursue av 
policy o f purchasing boars from other pedigree breeders and 80 % of 
litters were sired by purchased boars. W ithin the herd he culled sowst 
poor litter performance and selected gilts for breeding from  sows with gi ^ 
fitter records. Genetic improvement in carcass traits could have comefi ^ 
buying young boars from improved herds and from selection among yo: re  ̂
boars on their progeny performance. The progeny of young boars ente 
the herd each year were about 3 mm. longer than the average of the t 
but there was no consistent superiority for other traits. Either the v4 on 
population of Large White pedigree herds was changing at much the s; ^  
rate as this particular herd, or, as is more probable, the breeder grew I tjK 
and more selective in the herds he bought from. The am ount of select 
practised among the young boars coming into the herd in any year hast 
noted earlier. This system of progeny testing and selecting young bi 
m ust have played a large part in producing the genetic changes in the Is
car
yet
Age effects o f  dams me
Once the genetic change is known the effect of age of dam ok m 
fitter’s performance can be calculated. Pigs have a farrowing interval me. 
about six months so that the differences in any one year between pro? iec
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of second, third, fourth, etc. litter sows and of gilts measure respectively 
^a2— et c- where g is the annual genetic change and
the a ’s the age effects of the dams. These quantities were estimated by a 
least squares within-sire within year analysis among litters up to  the 
fifth, there being more than 100 litters in each group. To solve for the a ’s 
the estimate of g used was that derived from  the within age group of dam 
within-sire regression. These estimates of the effect o f dam ’s age, o r parity, 
are shown for each trait in Table 3. They are no t uncorrelated because 
a common estimate o f genetic change was used for their determination, 
and because they all depend on differences from  the average performance 
of gilt litters. They are, of course, confounded with any culling of dams 
which has taken place.
TABLE 3
Effects o f  dam's age, estimated as deviations from  
the performan ce o f  gilt litters
Age at Carcass Dressing Carcass Fat depth Fat depth
slaughter weight out length shoulder mid-back
(days) (lb.) (%) (mm.) (mm.) (mm.)
Second litter sows - 6-6 -0 -3 4 004 2-80 - 0-21 0-28
Third „ „ -7 -1 - 0 0 6 0-16 3-54 0-08 0-46
Fourth „ „ -8 -5 -0 -8 4 - 0-10 0-85 -0 -45 0-41
Fifth „ -7 -7 -0 -9 8 —0-16 2-90 -0 -2 7 0-38
Average standard error 2-34 0-59 0-22 2-45 0-53 0-40
The effect of dam ’s age on the performance of her litter was only signi­
ficant for age at slaughter. Pigs from  gilt litters were about 6 - 8  days older 
at slaughter than other pigs, and this may have been largely due to then- 
average weaning weight being 1 -8  lbs. less than for pigs from  older sows.
Before allowing for genetic differences between age groups of sows, pigs 
from older sows had about 0-4 lb. more carcass and about 0-2 % higher average 
dressing-out % than pigs from  gilt litters. W hen the genetic differences 
between age groups of dams were taken into account, these deviations were 
reversed in sign but none o f them were significant. The position was the 
same for carcass length and backfat thickness. W ithin any year the older 
sows produced pigs which were shorter on average by 1-4 mm. and fatter 
on average by 0 - 6  mm. than pigs from  gilts but when genetic differences 
between groups were allowed for these trends were reduced or reversed, 
though again none of the age effects was significant.
DISCUSSION
Dickerson (1960) has discussed the merits of various techniques which 
can be used to measure genetic changes in experimental populations. As 
yet there has been little application of these methods to farm livestock. The 
method of Elston (1959) and that given here, both depending on changes 
in the array of sires with time, are the first to  provide some means of 
measuring genetic changes in performance of farm  animals using field 
records. Though having the advantage over conventional methods in that
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they require no additional facilities, two factors may prevent the gent: 
use of these methods in practice. There may not be sufficient sires r 
spread over a sufficient period of time to demonstrate the small rates 
genetic change, say less than one tenth of the standard deviation in a tn recc
per year, likely in livestock populations. I f  there are, there is still likely: 
be some initial selection and progressive culling among sires which |  
throw doubt on the estimates of change. If  these two points are not relew Die
then the methods are worthy o f consideration to measure past and cum A
genetic changes. The same principle can be applied more efficiently! Els
planning to use randomly chosen sires over a long period of time, as propos Y
by Dickerson (1960), rather than  relying on sires occurring in practi; Goc
However, in terms of the to tal num ber of progeny required, the random-!)!; g<
control group is a more efficient means of measuring genetic change. G°(
Animal geneticists have been ready to support national livestock improt „
ment schemes, w ithout any efficient means of assessing their worth in practi <joi
W ith the development of methods of measuring genetic change, this ® bi
no longer be the case and a critical evaluation of each scheme is now possi K™
It is for the geneticist to inform the authorities of this development and Lee
urge the adoption of some m ethod to measure the effectiveness of all cuik B
and proposed improvement schemes. Then if  progress falls far W  L or
expectation a critical appraisal can be made and remedial action taken. ei
Britain, for example, the am ount of genetic improvement accruing from] Mc
recording and pig progeny testing is the basic question relevant to tt: Na
schemes, yet up to now no assessment has been possible. a
While emphasis in this paper has been with measuring genetic chan! Ree
the effects of general environmental changes are measured a t the same tit se
It may even be possible to allocate the environmental change to vari: 
sources such as food consumed, yearly and seasonal changes, health i 
housing and so on (e.g. McDaniel, Plowman and Davies, 1961).
SUM MARY vari
This paper describes the estimation of genetic changes in farm lives# perf
using field data. The m ethod proposed depends on a difference in rate 
change in performance of the population and of the successive proget 
of individual sires. The change in the population with time is takeu 
t+ g ,  where t represents environmental change and g represents gene 
change, while the within-sire change is taken as t-\-\g . Their differ« 
measures half the genetic change.
This principle can be applied, with certain precautions, to field data \vb 
there is some spread o f sires over time. The m ethod has two advants] 
over other methods in that past as well as current changes can be measu 
and no additional facilities are required. However, selection among® 
may bias the estimates of genetic change. Approximate sampling errors 
the estimates of change can be obtained and hence the rate of genetic chat 
which a certain body of data will demonstrate to be significant can 
estimated.
The method was applied to a set o f pig records collected over nine f  
by a private pig breeder. There was considerable change with time i» 
six traits examined and in at least three of them there appeared to have is 
a substantial genetic change accounting for the whole of the observed chai
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rates I am indebted to the late Mr. R. Findlay, Easter Cadder, Kirkintilloch, for his herd 
in a tn records, 
likely;
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NOTE ADDED IN  PROOF
A recent paper (Van Vleck and Henderson, 1961. / .  Dairy Sei., 44: 1705), uses a 
variation of the same principle given here to measure genetic trend in dairy cattle 
. I n *  performance.
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GENETIC CHANGE OF BACKFAT THICKNESS IN  TH E DANISH 
LANDRACE BREED OF PIGS FRO M  1952 TO 1960
C harles Sm ith  
A.R.C. Animal Breeding Research Organisation, Edinburgh 9
Over the past sixty years the Danish Landrace breed has improved steadily 
in carcass quality and other characteristics (Clausen and N ortoft Thomsen, 
1962). This improvement is commonly attributed to progeny testing and 
the system of testing has been widely acclaimed and imitated, especially 
in Europe. Generally, most of the observed change in performance has 
been assumed to be genetic in origin, though this has never been established. 
Now that methods have been developed to measure genetic change in field 
records (e.g. Smith, 1962) it was thought worthwhile to examine the nature 
of the improvement in the Danish Landrace and to ascertain if  the popular 
acceptance of genetic improvement is justified.
This paper describes an attem pt to measure the genetic change in backfat 
thickness in the Danish Landrace breed from 1952 to 1960. During this 
period backfat thickness decreased by more than two standard deviation 
units and there were also m ajor favourable changes in other economically 
important traits.
M ATERIAL A ND M ETHODS
The Danish system of progeny testing and the organisation of State- 
recognised breeding centres have been described on several occasions 
(e.g. Lush, 1936; Jonsson, 1958). Litter groups of 2 hogs and 2 gilts, chosen 
by the breeder, are tested with individual feeding. A sire or dam may have 
one or many litter groups tested but the test results are published for each 
litter group. Each breeding centre is obliged to test one litter group per 
year for every two approved sows in the herd. The breeding centres tend 
to be small, having on average about 10 sows and 2-3 boars. A t the three 
progeny testing stations the feeding and housing of the pigs are closely 
standardised to keep conditions as uniform as possible among the stations 
over the years.
The data for the analyses which follow were abstracted from  the annual 
reports of the Danish progeny testing stations for the years 1952-60 
(Clausen and Nortoft Thomsen, 1954-62). These reports provide litter 
averages for backfat thickness and other traits, classified under station, 
breeding centre, sire and dam as shown below in an extract from the 1959-60 
report.
The date of birth of the sire and the dam are given along with the farrowing 
date of the litter group tested. It is thus possible to classify the data by 
age of either parent or by year of birth of parent and to abstract litters by 
the same sire or dam in different years.
The method used to measure genetic change is a variation of that described 
by Smith (1962). It depends on the change in  performance from one year 
to the next of progeny groups from  particular sires and from particular
2 5 9
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Sire Dam Backfat 
thickness 
(cm.) ofdate Date of Date of
of litter Number and name birth Number birth litter group
10. 3.59 No. 95, Pioneer 31.12.57 No. 78 7.6.57 2-9
26.11.59 No. 75, Merkur 
(6891)t
— No. 79 16.5.58 31
26.11.59 No. 100, Odbo 28. 2.58 No. 83 16.5.58 2-6
17.12.59 No. 100, Odbo 28. 2.58 No. 84 16.5.58 3 0
t  Herd book number.
Duri
stane
c a r e t
from
dams. If  the performance of the progeny is expressed as a deviation from 
the year mean any environmental difference between years is removed. Itji 
assumed that the genetic merit of a parent does not change over time but tit 
average genetic merit of its mates will change as the population changes it 
genetic merit. The difference in performance in two years o f progeny from p ^ ’ 
a particular parent will therefore be half the genetic change in  the population, 
Though this principle to measure genetic change is simple, its application 
to a set of data will often be difficult and require modification. More oi 
less than half the genetic change may be involved if  a parent’s mates are 
not random  samples of those available in each year. Assuming the non­
random  allocation of mates is due only to the association of age of mate will 
age of parent, the portion of the genetic change involved can be determinei 
from consideration of the difference between the average age of the mat« 
in the two years. A more serious problem may arise if  there has been selec­

















W ith !so that only the better parents are retained and have progeny in a secern: 
year. In this case, even if  there was no genetic change in the populatiot (¡9. 
there would be some regression to  the mean in their subsequent progen; 
performance. The difference between the progeny in the first and secoii 
years would lead therefore to  biassed estimates of the genetic changt chan 
Adjustment of the first records by the theoretical expected regression 0: only 
second record on first record will remove the effects o f selections amoif half 
parents, and the estimates of genetic change will be unbiassed. The differed r«gre 
in the progeny of particular dams in two or more years will include effec: 0-4 ( 
of maternal age on progeny performance. The effects of m aternal age 0: com] 
the backfat thickness of progeny are believed to be small and have bet sepai 
ignored in the analyses. the s
The initial sections of the results present some comparisons of proge«; sumr 
from groups of parents, classified by age and by year o f birth. These sem envii 
as a preliminary guide to the nature of the observed change in performa® year 
and lead to a closer study of the extent o f selections among parents as if T 
indication of the rate of genetic change. mar*
from
popr
r e s u l t s  curre
Total change in performance chan
The change in performance of Landrace pigs tested at the Danish progen; pare:
testing stations from 1952-60 is shown in Table 1. chan
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IB During this period backfat thickness decreased by 5 -7 mm. or more than two 
standard deviation units. The changes in daily gain, food conversion and 
■ts carcass length were also large and favourable. The trend in backfat thickness 
it |-rom 1952-60 was quite linear, the average annual change being —0-71 mm. 
)D Performance at the three testing stations changed concurrently over the 
31 period and changes in rank among the stations were consistent over several
® years.
01
a,i Birth-year groups o f parents
* The change in performance of successive yearly progeny groups o f sires 
,lt:; and of dams born in a particular year has different components from the
Qei observed change in the whole population. Both will include environmental
lit;
h  TABLE 1eat.
Performance o f Danish Landrace pigs from  1952 to 1960
Backfat Daily Food conversion Carcass
Season thickness gain (feed units length
(mm.) (g. per day) per kg. gain) (cm.)
1952-53 34-2 665 3 06 93-4
1953-54 33-3 675 3-03 93-7
1954-55 32-6 678 3-03 93-8
1955-56 32 1 680 3-01 94-1
1956-57 31 -2 681 2-97 94-4
1957-58 30-5 685 2-95 94-8
1958-59 29-7 685 2-96 95-1
1959-60 28-9 684 2-95 95-6
1960-61 28-5 696 2-91 95-7
Total change 1952-60 -5 -7 +31 -0 -1 5 2-3
Within sex standard deviation 
(1954-61) f
2-7 30 0-13 1-9
t  Jonsson (1961).
cool
ange change, but the former will include effects o f selections among parents and 
in oi only a portion of the genetic change. Here the portion will be less than a 
notit half because the average age of mates increased with age o f parent. The 
reus regression of age of mate on age of parent was about 0 -2 , so in fact only 
ffee 0'4 of the genetic change will be involved. To study the sums of these 
re a components all progeny groups at each station in each year were classified 
bee separately by year of birth  o f sire and of dam. The differences between 
the successive yearly sets o f progeny for each birth  class o f parent are 
jgei; summarised for sires and for dams in Table 2. They represent the sum of the 
sens environmental change, the effects o f selection among parents in the previous 
nance year and about 0-4 of the annual genetic change.
as ai The successive yearly progenies o f parents born in a particular year had 
markedly different performances. The average change in their progeny 
from one year to the next was almost as large as the observed change in the 
population. Thus all age groups in  the population were improving con­
currently and at much the same rate. This suggests that environmental 
change was predominant but it is also possible that intense selection among 
og®: parents coupled with genetic change in  their mates could account for these 
changes in performance.
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Parents o f different ages
By comparing the contemporary progeny of parents of different! 
environmental differences disappear while genetic differences remain. 1 
a genetic decrease in backfat thickness in the breed, progeny from jt 
parents should have less fat than progeny from old parents tested it 
same year. In  this case, because older parents tend to have older« 










Differences in performance between successive yearly progenies of grot 





2nd year v. 1st year 
3rd year v. 2nd year 
4th year v. 3rd year 
later years v. 4th year
Progeny of sires
-0-72±0-16









involved. In  addition to genetic differences between the age groups,; 
will be differences caused by the selection of the better parents in eacli; 
These will tend to  improve the relative position of progeny from the: 
parents. For this analysis, progeny groups were classified indepeni 
by age of sire and age of dam  for each station in each year and the a« 
backfat thickness of each class was expressed relative to  the station- 








The performance o f contemporary progeny from  parents o f different as 















0 03 ± 0  05 
0-22±OT4 
-0T 6 ± 0 T 0
—0 09± 0 1 2  
-0 -01  ±0-03 
0-08 ± 0  06 








The progeny of old sires and of old dams were only slightly fatter 
the contemporary progeny of young sires and young dams. This indii 
that the portion 0 - 6  of the genetic change was almost cancelled by the et 
o f selection among parents after each testing. Hence if  the extent ol 
selection can be measured it may provide some indication of the gS 
change. Conversely, if  all the observed change were genetic change a fi 






The critical part of these comparisons has been the extent of seW 

















selection practised can be evaluated by measuring the superiority in the 
first year of progeny from parents having progeny groups tested in  two or 
more years. The average performance in  the first year of progeny from 
such parents was found separately for sires and dams at each station and 
the results are presented in the second column o f Table 4. These figures 
are only part of the full abstraction o f the data which will be described in 
detail in the next section.
Sires with progeny appearing in two or more years were selected to some 
extent for low backfat thickness on the basis o f their progeny records in the 
first year. However the reverse was the case for dams, those with fatter
TABLE 4
The performance, relative to the station year mean, o f the progeny from  parents 
with progeny groups tested in consecutive years
Backfat thickness (mm.) Average period
Average changes 
in age





Station parents 1st year 2nd year (m) (ri)
tps.:
Progeny of sires
Sjaelland 155 -0 -5 6 0 00 111 2-9
Deni: Fyn 177 -0 -5 7 - 0 1 9 11-4 2-8
e g, Jylland 167 - 0  02 + 0  04 111 4-7
All stations 499 -0 -38 - 0 0 5 112 3-5
S1 Progeny of dams
Sjaelland 189 0-63 018 11 6 3-7
Fyn 151 0-59 0-38 11-2 0 1
Jylland 168 0-67 012 11-6 2-2
It (Ifi All stations 508 0 63 0-21 115 2-2
than average progeny in the first year going on to have further groups .tested.
In neither case was selection intense, the average selection differentials being
each about one-third of the standard error o f the parent’s progeny average.
The parents represented in Table 4, however, accounted for only about 30 %
of the sires and 2 0 % of the dams in their particular age group or birth
class at subsequent testing. The rem ainder o f the parents in  each group
were being tested at the testing stations for the first time. This small propor-
tion, and the mildness of the selection among parents, may explain why the
1 e different directions of the selection among sires and among dams has not
in ; made itself felt in Tables 2 and 3, that is, at the same age sires and dams had 
t i c  fit ■ i
cl e(̂ uiv progeny and the changes in successive progenies of parents 
n classified by year of birth were similar for sires and dams. M oreover, it 
ie was found that there was no essential difference between the contemporary 
e a j- progeny of parents being tested for the first time and those of parents which 
Pec ‘ had been tested previously. I t was concluded that selection am ong parents 
m each year, tested and untested, was mild and could have had only small 
effects on differences between contemporary progenies from parents of 
se different ages or between the successive yearly progenies of parents born in 
Lgre. a particular year. Consequently, following the arguments in the previous
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sections, it is also concluded that the extent o f the genetic change in bat 
thickness must also have been small.
Estimation o f genetic change
The principle, and the modifications, of the method proposed to estit 
genetic change have been described already. The data required for 
analysis were records in two or more years of progeny from  parts 
parents, and these were abstracted from the annual reports. Several res 
tions were imposed in abstracting the data to avoid possible effects vj 
might bias the estimates of genetic change. First, to avoid dealing witl 
parents which might have been selected on previous records, only pat 
under three years of age a t the birth  of their first set of tested progeny; 
included. About four-fifths of the sires and two-thirds of the dams extn 
were in fact under two years of age then. M any parents had progenyt 
in three, four and even five years but the data were restricted to the 
and second sets o f records which had to be in consecutive years, 
continuous sequential selection among parents on intermediate recoi. 
thus avoided. Though the period between records was then rathen 
around 1 2  months, it was still possible to estimate the genetic changi 
some accuracy because of the large number of parents involved. A fi 
restriction excluded sires having less than 8  months between their pit 
groups in the first and second year, so that the average period betwei 
two sets of progeny was around 1 2  months.
Records on the progeny of sires and of dams tested in  two conset 
years by the same breeding centre (farm) at the same station were abstr. 
from the annual reports but with the above restrictions. The recort 
eluded year of birth  of parent, mate and litter, the period between 
groups in the two years and the number of litter groups per sire in each 
The backfat thickness o f each litter, relative to the station-year meai, 
also recorded. The results are summarised and presented in Table 4.
There was selection among parents on the records of their progei 
the first year, though in opposite direction for sires and dams. B 
there was no genetic change in the population there would be some regR 
to the mean in their subsequent progeny performance. In  fact there 
a regression to the mean by the second set of progeny. But was the regre 
only that expected following selection on the initial records or was g! 
change also involved through a changing population of mates ? The n 
of the regression on initial records can be calculated theoretically 
knowledge of the heritability of backfat thickness and the number of pro 
tested per parent in  the first year. The difference between the regt 
performance in the first year and the observed performance in the ss 
year will provide an estimate of the genetic change.
The heritability of backfat thickness in the Danish Landrace is £' 
0-5 (Fredeen and Jonsson, 1957; Jonsson and King, 1962). The the® 
regressions of subsequent performance on initial records are then 
0-44, 0-54 and 0-61 for parents with respectively 1, 2, 3 and 4 litterg- 
of four pigs tested in the first year. The deviations from  average to 
thickness in the first year (Z i), (Table 4, column 2) were regressed! 
mean by these regression factors (b2 -i) and compared with the obs 
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1331 change in backfat thickness was then estimated from  the data on sires and 




_    1 2  12
2 < b ^
and the results appear in Table 5. The quantities m  and n are given in 
columns 4 and 5 of Table 4. The factors 12/m and 12/(12+«) respectively 
adjust for the average period between progeny records in the two years being 
m months and for the age of mates in  the two years having increased by n 
months.
Wllt The six estimates of genetic change have rather large sampling errors 
but in general indicate that there has been some genetic reduction of backfat
5n) thickness in the Danish Landrace from 1952 to 1960. However, it appears
ate
TABLE 5
rs. Estimates of annual genetic change in backfat thickness from  1952 to 1960
SCO!.
Annual genetic change in backfat thickness (mm.)
' » Calculated from Calculated from
'  Station sire progenies dam progenies
pit
wee Sjaelland -0-33+0-21 000+0-27
Fyn -0-05+0-21 -0-45+0-27
Jylland -0-17+0-21 0-12+0-27nse¡





Overall combined estimate —0-15+0-10
that not all of the observed change in performance was genetic change. The 
overall combined estimate of genetic change was —0-15 +  0-10 mm. per 
year and this represents only about one-fifth of the observed change of 
-egtt mm- per year.
A supplementary estimate of the genetic change in backfat thickness was 
-egre obtained from the progeny of 56 repeated matings, all tha t were found in  
asg the annual reports from 1952-60. The average backfat thickness of the 
Ties ^rst set progeny of these repeated matings was 0-08 mm. and tha t o f the 
ally - second set of progeny was 0-18 mm., expressing performance as a deviation 
,f pro fr°m the station-year mean. The average record of the first set of progeny 
regu was adjusted as before by the theoretical regression of second record on first 
he si record. Here the regression coefficient was 0-53 since the litter groups in 
the two years were from full-sib litters. The annual genetic change was 
* isi esh/nated as -0 -1 8  +  0-35 mm. by the expression given above, with m  the 
:he® Per3°d between the litter groups and n the increase in  the age of mates both 
;hen ^  months. W ith a standard error of this magnitude the agreement
ter gi Previous estimates may be quite fortuitous,
je to
sed t d i s c u s s i o n
: obsi Though the principle of measuring genetic change in field records is
ial f  straightforward, its application may be beset with uncertainties which can
266 SM ITH
never be completely resolved. Consequently the estimates are always li| se]e 
to contain some element of doubt. For this reason the techniques used It , 
should be regarded as salvage methods to recoup some information acc 
genetic change from data where none would otherwise be available. H ggV 
are no t presented as the solution to the problem of measuring genetic chit con 
in all current and proposed breeding schemes. Better methods are availi l -0 
for measuring genetic change, for example by using random ly bred cont of 1 
stocks or repeat mating plans. The onus is on those authorities conceit the 
with livestock improvement schemes to include some such provision! con 
measuring genetic change. Then the effectiveness of each scheme cot firsi 
be measured as it  progresses. Yet most national breeding schemes! He 
such a provision and apparently this deficiency is not even recognised. ] test 
common practice of assuming that the observed change is genetic chang that 
quite invalid in principle and is also likely to be invalid in  practice.
The uncertainties involved here in measuring genetic change are I  and 
to arise also in other sets o f data on farm livestock. They involve the breed: mai 
aims and policies, their expertise, their familiarity with their stock, thee it c; 
tinuous culling of animals for many reasons, the overlapping of generati mei 
maternal effects on performance and so on. M ost o f the effects will up 
difficult to assess and even considered adjustments may be inapproprt no 
The aims and standards of the individual breeder are likely to changet 
the years, as may his breeding policy. Some breeders may employ s b e : 
pensatory matings to improve their stocks while others may use assort!! con 
matings, as judged by earlier records, in their efforts to  have their sli thai 
perform to advantage at the testing stations. In  either case the differs wer 
in a parent’s progeny performance, and so also the estimates of gen age: 
change, would be affected by non-random  groups of mates used. Ini froi 
selections breeders may use additional inform ation by way o f appear!- pan 
or pedigree, sib or progeny records, made either on the farm  or a t the test a la 
stations. Selection may therefore be more accurate than would be suppc in e 
from the number of progeny tested, so tha t the theoretical regressions! wer 
would tend to  overadjust the first set o f records. Selections partially to cha: 
on correlated traits may have the same effect. However, the actual ref ticu 
sions of second record on first calculated from the data were, in  view oftl ano 
standard errors, in  reasonable agreement with the theoretical estimates, thic 
is interesting to note that if  no adjustment of the initial records had b a fii 
made, the estimates of the genetic change from sire progenies and ft 
dam progenies would have been very different, but with the regress equ 
adjustment the estimates were quite similar. Finally, any maternal age e® chal 
will have little or no effect on the estimates of genetic change calculated® chal 
sire progenies but they will affect the estimates calculated from  dam  proges whi' 
I f  the effect of increasing maternal age is to increase progeny backfat tlii ĉ ai 
ness then the genetic improvement will be overestimated here, where! 
will be underestimated if  progeny backfat thickness decreases with increas 
maternal age.
A genetic change equal to the observed change in backfat thickness w 1
have been quite feasible by testing and selecting, using the best 10-2 mea 
of progeny tested sires and the best 20-30%  of dams as parents of the! bree 
generation. But though feasible was it in fact achieved? Were the selecii teste 
differentials sufficiently large to accommodate the rapid change? To pro'1 b°n 
a genetic change of -0-71 mm. per year in  backfat thickness the aver;
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« lit selection differential for both sires and dams of future breeding stock m ust 
ieilt be at least —1-6 mm., taking the generation interval as 2-25 years. Since the 
lion accuracy of selection will be far from perfect this is quite a conservative 
• H figure. However, from the annual reports, the average superiority over their 
: chat contemporaries of sires entering the herd book, the élite sires, was only about 
vai* 1 b  mm. Their mates are even less likely to be intensely selected since most 
cont of the sows at the breeding centres are homebred. M ore direct evidence on 
nccn the selection of parents for breeding stock is given by J. W. B. King (personal 
lion communication) who found that the sires of a sample of 150 young boars 
ecu first tested in 1959 had 1-0 mm. less backfat than their contemporaries, 
ìes I He concluded that unless breeders were using criteria other than the progeny 
¡d. 1 test reports to aid their selections the observed change was much greater 
han>; than the predicted genetic change.
It is often implied in progeny testing that where the condhions of housing 
re II and feeding are closely standardised over the years, all changes in perfor­
med; mance must be genetic in origin. But though the control may be partial 
thee it can never be complete and some of the observed change may be environ- 
:ratif mental change. Thus it is estimated here that environmental change made 
wil up about four-fifths of the total change in backfat thickness, though there is 
ropi no evidence on the kinds of environmental change involved, 
lget Though the results o f each of the separate analyses given here may not 
oy a be sufficiently critical on their own, taken together they support the general 
¡ortt conclusion that the genetic change in backfat thickness was much smaller 
:ir si than the observed change. Thus in the initial analyses only small differences 
iffere were found between the contemporary progeny from  parents of different 
' gei ages but there were large differences between the progeny in different years 
Ini from parents of a particular year o f birth class. Intense selection among 
lean parents in each year would be expected if  these results were consistent with 
e tesi a large genetic change. However, the selection differentials among parents 
uppt in each year were not large and in fact, dams with fatter than average progeny 
onsi were retained and retested in subsequent years. The estimates of genetic 
lybi change derived by comparing the progeny o f particular parents, and par- 
1 regi ticular matings, in consecutive years were in general agreement with one 
■ of ù another. They indicated that there was some genetic improvement in  backfat 
ates. thickness in the breedfrom 1952 to 1960 but that this accounted for only about 
ad I a fifth of the observed change.
nd fi The popular uncritical acceptance of genetic change in  performance 
gress equal to the observed change in the Danish Landrace breed is thus seriously 
ree® challenged, for what may apply to one tra it may also apply to others. The 
ted fi challenge is likewise extended to all other livestock improvement schemes 
roga which make no provision to measure genetic change but rely on the observed 




sswo; Data from the Danish progeny test reports were used in an attem pt to 
10-li measure the genetic change in backfat thickness in the D anish Landrace 
tfiei breed from 1952 to 1960. Over this period the average backfat thickness of 
select tested pigs fell from 34-2 mm. to 28-5 mm., a change of two standard devia- 
prov tion units.
avet The method used to measure genetic change depends on the difference
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in performance in two or more years o f progeny from  particular sire 
dams. Environmental differences between the years are avoided by mease 
performance relative to the year mean. However, allowance has to bet 
for selection among parents on the basis o f their first set o f progeny reco: 
through adjusting the initial records by theoretical regression factors.' 
genetic change is then estimated as a function of the difference between 
adjusted first progeny records and the records of subsequent progeny g® 
Separate estimates of the genetic change in backfat thickness were 
culated in this way from the progenies o f sires and of dams at each of 
three stations. These were in general agreement and indicated that! 
was some genetic improvement in backfat thickness in  the D anish Land: 
from 1952 to 1960 but that not all of the observed change was genetic da THI
The overall estimate of the genetic change was —0 T 5 + 0 T 0  mm. per; W
and this represented about one-fifth of the observed change. Other reP
critical results are also given and these lead to the same general conclu; asP
wk<
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THE USE OF SPECIALISED SIRE A N D  DAM  LINES 
IN  SELECTION FO R  M EAT PR O D U C TIO N
C harles Sm ith
A.R.C. Animal Breeding Research Organisation, Edinburgh 9
The traits involved in meat production can be divided into two groups,
(i) those concerning reproductive performance in the dam and (ii) those 
representing growth and carcass characteristics in the progeny. The first 
aspect involves adult females while the other relates to young meat animals 
whose reproductive performance is o f no consequence. This separation of 
the function of the dams and their progeny in m eat production is often 
exploited in practice by using different breeds or lines as the male and female 
parents.
In this paper the rates of improvement by selecting for overall performance 
in a single line are compared in some rather simple situations with the rates 
of improvement by selecting in specialised dam and sire lines which are 
subsequently crossed. The dam line is selected for number of offspring 
produced and the sire line for growth and carcass traits. A  common in­
tensity of selection is taken for all lines. Performance on crossing is treated 
additively as the sum of the contributions o f the parental lines.
SELECTION PRO CED U RE
In calculating the expected rates o f genetic improvement in each o f the 
lines, the formulae are much more tractable if overall performance is restricted 
to two components, X D representing reproductive performance and X s 
representing the performance o f the progeny. These can denote either a 
single major trait or an index of several traits involved in each component. 
It is convenient to  express both X D and X s in standard deviation units so 
that their phenotypic variances are unity. Let h2D and h2s be the respective 
heritabilities and let r and g represent the phenotypic and genetic correlations 
between the two traits. For every performance in X D in the population 
there will be n performances in X s, n being the number of offspring per dam. 
This difference can be taken into account by defining the relative economic 
value (a) as the value of one standard deviation change in X D relative to the 
value of n standard deviations change in X s . The various parameters can 
be combined in a selection index (e.g. Hazel, 1943) which will maximise the 
genetic improvement towards some specific goal. The goal is defined by an 
aggregate breeding value (G), a linear function of the breeding values GD 
and Gs for the two traits.
The aims of selection will vary in the different lines. In selecting a single 
me for overall performance the aim is to maximise the change in aGn +  G s, 
while in a sire line and in a dam line the goals are to improve Gs and GD 
respectively. However, a mother contributes half the genes of her crossbred 
progeny and a more appropriate goal in selecting a dam  line is aGD + %Gs.
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Whatever the aim of selection, a selection index combining f  ai 
inform ation on both traits will provide maximum genetic gains. Howes ai 
while individual performance in X s is likely to  be available for all an® m 
early in life, individual performance in X D can only be measured in one< vi 
after some period of reproductive life. To provide an index which is calc. b] 
able for all animals a t one stage, X D is taken to  be the reproductive perfor: 
ance of the individual’s dam. In  selection this also allows the same get
ation interval and the same intensity of selection to be assumed for 
finest The intensity o f selection.possible will, in fact, be a function ofi 
reproductive capacity of the species and should be roughly comparable 
all lines. T heselection index then is bsX s + bDX D where X s and Iji 
measured on the individual and on its dam  respectively. The losses 
efficiency by selecting a sire line exclusively on X s and a dam  line only 
X D, rather than on an index, are also considered.
The normal equations for deriving the selection indices a re :—
bs + r^D =  Cov X SG 
rbs-\~bj) =  Cov X^G
(i) ratio of the heritabilities: h%/hg = p
5, 2, 1, 0-5, 0-2
(ii) relative economic value: a
5, 2, 1, 0-5, 0-2
(iii) genetic correlation: g (favourable if positive)
0-8, 0-5, 0-2, 0-0, -0 -2 ,-0 -5 , -0 -8 .
(iv) phenotypic correlation: r
0-4, 0-2, 0-1, 0-0, -0 -1 , -0 -2 , -0 -4 .
X D in a dam  and X s in her progeny. Thus r =  e \ / ( l —h2D) (1-
where r is the phenotypic correlation between a dam ’s performance in 
and her offspring’s performance in X s, and G is the aggregate breeding!! 
selected for. The selection indices are of the form  (1— rk) X s + {k-i) 
where k  =  Cov X^G /Cov X SG.
The expected improvement from selection on the index can be s 
algebraically into the change in Gs and the change in GD. The total f
provement in the various breeding schemes was taken as the sum of half p
change in Gs in both the sire and dam  lines plus a times the change in 6 se
the dam  line.
Since it is the relative rates of improvement by the different bree: 
schemes, rather than the absolute rates, that are required, only the relt 
heritabilities and the relative economic values of the two traits need bee 
sidered. A range o f values was specified for these and the relative rate 
improvement in overall performance by the different breeding schemes» 







Computation of the estimated genetic improvement obtained by: 
possible breeding schemes, detailed in Table 1, was made for the i the 
combinations of the above parameters using a Ferranti Sirius comf ehi 
[Note that the genetic correlation (g) refers to the breeding values 6t cas 
Gs in the same individual, while the phenotypic correlation (r) ref®
2g  V h 2D h2s, where e is the environmental correlation between X D inJ;
tha
spe
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g , and X s in her progeny. Certain combinations o f the parameters h2D, h2s , g 
wet, and r will not be possible in practice (e.g. Searle, 1961), and some o f the results 
nk may therefore represent impossible cases. It turns out, however, that the 
ne- value of r has only a minor effect on the relative efficiencies o f the different 
cat breeding schemes and the value r =  \g  was chosen for tabulation in Table 2.]
rfon
RESULTS
ft>L Firstly a comparison is made of the relative rates of improvement by 
ill (T) selecting for overall performance in a single line and by (ii) selecting in the 
b t
Xt : TABLE 1
®  The various breeding schemes investigated
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X d  =  phenotype for reproductive performance.
X s  =  phenotype for progeny performance.
Gd =  breeding value for reproductive performance. 
Gs — breeding value for progeny performance. 







two specialised lines by the best procedure. Secondly the losses in efficiency 
incurred by alternative methods of selecting the sire and dam  lines are 
studied.
Among the various breeding schemes studied the greatest rate o f improve­
ment always came by the procedure shown in case 4, Table 1, that is by select­
ing specialised sire and dam lines each on an appropriate index. The efficiency 
by °f this procedure, relative to selection in a single line (case 1), is tabulated in 
the 1 the fcst half of Table 2. Selecting specialised lines in  this way is never less 
comf efficient than selecting a single line and may be much more efficient in  certain 
es Gi cases-
I ref« When the genetic correlation between the two traits is favourable, so 
that changes in them are compatible, the gains in efficiency from  selecting 
ina; sPec^ ' sefi fines are rather marginal. But if the genetic correlation is low or
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TABLE 2 T
a P ap t 0-8 0-5 0-2 0-0 - 0-2 -0 -5 - 0-8 0-8 0-5 0-2 0-0 - 0-2
5 5 25 100 101 103 104 105 107 109 94 97 102 104 105
2 5 too 102 105 108 112 119 126 93 97 102 108 112
5 2 1U 100 102 105 108 112 117 118 78 88 102 108 112
1 5 100 103 108 113 121 141 166 92 96 105 111 120
2 2 4-5 100 103 108 115 124 146 160 79 87 101 112 124
5 1 100 102 107 113 122 134 131 63 77 97 111 120





























5 0-5 100 101 106 115 137 171 154 49 63 87 109 137
0-2 5 100 102 105 108 112 118 114 88 87 89 89 90
0-5 2 100 102 105 108 113 127 161 78 80 85 89 96
1 1 1-0 100 101 104 108 114 141 306 66 72 81 89 102
2 0-5 100 101 104 108 118 191 515 54 63 76 89 110
5 0-2 100 100 103 108 131 308 229 39 50 68 89 130





























2 0-2 100 100 101 102 103 114 228 45 52 61 69 79
0-2 1 100 100 100 100 101 100 100 69 65 62 60 57
0-5 0-5 0-2-0-25 100 100 101 101 101 101 100 60 61 61 62 63
1 0-2 100 100 100 100 101 101 101 50 54 57 60 63
0-2 0-5 n 1 100 100 100 100 100 100 100 62 60 57 55 53
0-5 0-2 U-1 100 100 100 100 100 100 100 53 54 55 55 55
0-2 0-2 0-04 100 100 100 100 100 100 100 55 55 53 52 51
efficiency may be five times as great.
u
The rate o f improvement by selecting in specialised sire and dam lines, w
relative to selecting in a single line (case 1 =  1 0 0 ) vv
(0  case 4, (ii) case 9 (see Table 1) a
fc(i) 0 >) ai



























t  Phenotypic correlation (r) taken as half the genetic correlation (g) (see text). .p,
} a =  relative economic value. 
p =  ratio of the heritabilities, A2z>/A2s. caF
a b
unfavourable, so that the change in one trait is unaffected or tends tt se^  
reduced by changes in the other, fairly substantial gains in efficiency cat 
obtained by selecting in specialised lines. Increases o f 15-50% in the if
ave
ero
iency of improvement are commonly obtained while in certain cases ®atl
feet
A  pattern o f the efficiency o f improvement from using specialised f P®r
Tlwis no t evident either for the ratio of the economic weights (a) or for then 
of the heritabilities (p). However, there is a good agreement among y1 
efficiencies for the value of the product ap, as shown by the groupii lve
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Table 2. If  the product is intermediate (between 1 and 5) there may be gains 
in the efficiency of improvement by using specialised lines. On the other hand 
les where the balance between a and p  is lacking the gains in efficiency are not
worthwhile and a single line will suffice. Why is this so ? In  the context o f 
a single line the quantity ap measures the economic improvement by selecting 
for one character relative to the improvement by selecting for others. If 
ap is large or very small all the selection in the specialised lines will swing to 
one of the traits and effectively ignore the other and there will be no gain in
   efficiency over selecting in a single line. On the other hand where ap is
12 ‘ intermediate the fruits of selection for the two characters are equivalent and
specialised lines can make use of the different functions in dam  and progeny 
15 : performance, especially if  these are incompatible in a single line.
12 As stated earlier, the value o f the phenotypic correlation between X D 
L2 ! in a dam and X s in her progeny is not critical in affecting the pattern  of the
efficiencies in the results. W ithin each combination of a, p  and g, the 
efficiency of improvement by specialised lines tends to  be reduced slightly as 
2Q the phenotypic correlation turns negative, more so when the genetic correla­
tion is also negative and ap lies in the intermediate range, bu t these are the 
21 very conditions when the benefits o f using specialised lines are large anyway. 
21 What losses in the rate of improvement are incurred by simplifying the
y  selection procedures in the specialised lines ? If  the sire line is selected on
X s (case 5, Table 1), rather than on an index (case 4) the rate of improvement 
90 is only slightly reduced. A  dam line selected for the same criteria as the 
96 single line (cases 2 and 3) provides the same rate of improvement as the
02 optimum procedure (case 4), except when the efficiency is already high. On
2Q the other hand, if Gs is ignored in selecting the dam  line, whether selection 
is on an index (cases 6  and 7) or exclusively on X D (cases 8 and 9), the rate of 
66 improvement can be reduced. The efficiency for case 9 relative to  case 1
75 is given in the second half o f Table 2. If  the genetic correlation is favourable
^  or the product ap is less than one, the rate of improvement in such specialised
lines may fall far short of the rate of improvement in  a single line. Even for 
57 negative genetic correlations and ap values greater than one, there are still 
63 likely to be large losses in efficiency compared with the optimum procedure 
® (case 4). In short, some consideration m ust be given to  traits o f progeny 
5, performance in selecting a dam  line.
55
DISCUSSION
51 There is something of a paradox between the use of specialised lines that 
already exist and the development of new specialised lines by selection. 
'x'' The latter depends on planned selection efforts in the future while the former 
capitalises on the range of lines currently available. In  the initial stages of 
a breeding programme the greatest immediate gains are likely to come from 
(js to selecting among lines (breeds, strains) and among possible line crosses. To 
y cai av°id testing some large number of crosses a reasonable procedure is to  take 
theei cross performance as the average of the two parental lines. This should be 
;asei satisfactory for traits of high heritability (Donald, 1955), such as efficiency of 
feed conversion and carcass traits, but it may be less suitable for reproductive 
sedli performance which often shows a substantial degree o f heterosis on crossing, 
then Though the best crossing lines and the best specific crosses can be found only 
aon? b7  testing, some weight can be given in  prediction to the enhanced reproduc- 
mpini tlve performance of crossbreds by assigning an average effect to  the parental
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average for all crosses. A ranking for overall merit o f an array of lines and res!
crosses can then be attempted taking into account the actual or predicted trai
performance for each trait and its relative economic weight. A  shortened 
list o f lines and crosses can then be selected for further testing. “f .1
Can any generalisations be made about the optimum choice among 
lines and their crosses ? If  cross performance is again taken as the average 
of the two parents (plus an  assigned effect if  heterosis is expected) the best 
combination of lines can be chosen in  an approximate manner. Using the 
symbols X D and X s as before, except that they now refer to the mean perform­
ance of a line rather than the individual, the female parent will contribute ’ 
aX D+ i X s and the male parent adds \ X S. No matter w hat line or cross is 
used as the female parent, the best male line adds the maximum value of Xs 
and, unless there is some intermediate optimum in performance, will maxi­
mise the economic merit of the progeny. Similarly the female parent having 
the largest value of the expression aXD+%Xs will maximise overall perform­
ance. Evaluation of lines by this procedure should serve to screen tit 
various lines and line crosses.
Having chosen the best line or line combination the problem  changes to 
selection within lines and to a comparison o f the rates o f improvement that 
different breeding schemes afford. Here again it has only been possible' 
to deal with a rather simple set of assumptions and conditions. 
selection has been restricted to two components, though each may represent' 
several traits. In  order to  have an index value for all individuals at a given 
stage, selection is based on the reproductive performance o f an individual’s ̂ KEY 
dam  and on its own performance for growth and carcass traits. This! 
convenient because the same intensity of selection and the same generation 
interval can then be applied to both sexes and all lines. Though convenient, 
this assumption may be somewhat artificial. If  the specialised lines are half RK- 
as large as the single line they may have more restrictions on selection to 
minimise inbreeding. Alternatively, two lines may be selected concurrent!)1 
for overall performance and the better of the two subsequently chosen. In ■ (BAcor 
both cases any advantage of using specialised lines might be reduced 
Another restriction follows from using a selection index in tha t only the 
additive genetic variation is considered. Moreover, in combining the linesef C atti 
the expected gains from selection have been treated additively. These maybe 
im portant limitations when some o f the value o f maintaining specialise! 
lines in practice depends on heterosis in the crossbred progeny. Selection 
for crossbred performance would, however, alter uoth the intensities of 
selection and the criteria for selection and therefore is outside the context wy  
o f this paper. carc
The present results may be of most value in indicating the situations 
where selection in specialised lines may lead to  faster genetic gains. First tjie 
they indicate that by selecting in specialised lines the rate o f improvement two 
need never be less and may be considerably greater than by selecting for or v 
overall performance in a single line. Where the ratio of the heritabilities and repj 
the ratio of the economic weights o f the two traits show a certain balance ^  
with one another, handsome gains in the rate of improvement can be obtain- exte 
ed. The more unfavourable the genetic correlation between the two trails ^  
the more efficient does the selection in specialised lines become. It see® anC( 
that in selecting specialised sire lines reproductive performance can b perf 
conveniently ignored. On the other hand, substantial losses in efficiency may
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r e s u l t  if the selection in dam  lines does not take account o f growth and carcass 
11(1 traits as well as reproductive performance.
tei* Are the conditions which favour selection in specialised lines likely to
le<l ^  met jn the various meat producing species of farm animals ? The herita- 
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t  Concentrate rations. § A t weaning (less extra feed cost),
t  Per litter. || Weaning to slaughter
while traits of progeny performance such as efficiency of feed conversion and 
carcass traits have higher heritabilities (30-60%). The ratio o f these figures 
ip) will generally be less than 0-5. The ratio o f the economic weights {a) for 
the two components of performance is more difficult to assess. However
two figures which are usually known are the value of each offspring at bir.th,
or weaning, and the cost of the ration. By using the number o f offspring to 
represent reproductive performance and efficiency of feed conversion to 
represent progeny performance, a value for {a) can be calculated. To some 
extent this value may be regarded as a maximum value for the ratio, for while 
the number of offspring produced largely summarises reproductive perform­
ance, efficiency of feed conversion represents only part of the progeny 







to  provide some guide to  the values of ap for different species are given 
Table 3. In  the larger farm animals the milking ability of the damlati 
determines the early growth of her offspring and it is difficult to  separate 
maternal and offspring effects. This is the case for sheep and since®; 
lambs are sold for slaughter at weaning, no value o f ap has been derived; 
lamb production. However, pigs and beef cattle have a  substantial! 
weight gain between weaning and slaughter and the feed efficiency dtt 
this period can be set against the dam ’s performance measured at; 
weaning of her offspring.
Though the ratios o f the economic values are rather approximate 
appears that the values of ap lie between 0-25 and 1 -25 in the different spec! 
The critical levels for ap (see Table 2) are the intermediate values fall 
between 1 and 5. Since the estimated values of ap lie well outside this rat 
for broilers and turkeys, it would appear that the rate o f improvement i  
specialised lines in these species is likely to  be no better than that in a sit 
line. Selecting in specialised lines that already exist can only be expectei 
maintain their position relative to other lines similarly selected, and devtl; 
ment of new specialised lines would not appear to be worthwhile. 1 
estimates of ap in the larger farm  animals lie around the lower levels of: 
critical range. Even here, only if there is an unfavourable genetic correk 
between reproductive performance and growth and carcass traits will select 
in specialised lines add much to the rate of improvement in perform. 
On the other hand, from  the values of ap estimated for the different spec 
it is clear from the second half o f Table 2 that selecting a dam  line exclnsii 
for reproductive performance may lower the overall rate of improves:; 
considerably.
SUMMARY
Progress by selecting in a single line for overall m erit is compared; 
the progress by selecting and crossing specialised sire and dam  lines. 1 
sire line is selected for growth and carcass traits, the dam  line for numbt; 
offspring produced. The rate of improvement through specialised line; 
never less than that in a single line and can be considerably greater but o: 
if there is an unfavourable genetic correlation between progeny number: 
performance and if  there is a certain balance between the heritabilities; 
economic weights of the two sets of traits. In a sire line the selections 
ignore progeny number w ithout loss in efficiency but in a dam  line pros 
growth and carcass performance m ust be considered in addition to the» 
ber of offspring or else substantial losses in  the efficiency o f improve® 
may be suffered.
From  estimates of the relative economic weights and relative heritabil: 
of number of progeny produced and the efficiency of feed conversioa 
several meat species it was concluded that selecting in specialised lines: 
have little advantage over selecting for overall performance in a single line
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CROSSBREEDING A N D  LITTER PR O D U C TIO N  
IN  BRITISH PIGS
C. S m i t h  a n d  J. W. B. K i n g  
A.R.C. Animal Breeding Research Organisation, Edinburgh 9
T h e re  is an extensive literature on the results of crossbreeding i n  pigs with 
reports covering a wide variety o f breeds and environmental conditions. An 
improvement of litter production on crossbreeding is well established by this 
literature (e.g. Fredeen, 1957). The present report concerns perhaps the most 
extensive analysis yet on the subject, dealing with records o f  purebred and 
crossbred litters taken on farms i n  Britain. The main topics studied are the 
overall litter performance of purebreds and crossbreds, both as piglets and 
as dams, and the merit o f different purebreds and crossbreds i n  their litter 
production. The contributions of farm  differences and of farm by breeding- 
group interaction to the total variation in litter production are assessed, and 
the variation within purebred and within crossbred groups is compared.
M ATERIAL A N D  M ETHODS
Data on farm litter records were obtained from  the Pig Industry Develop­
ment Authority in Great Britain, for each of the four six-monthly recording 
periods from April 1959 to  M arch 1961. The litter records were taken by 
the farmers, subject to  check weighings by recording officers. They were 
then collected, standardised for age and processed by a central office. All 
records from farms having more than one breed o f boar, or more than one 
breed or breed cross of sow, were selected and over 8 ,0 0 0  litters from  about 
500 farms were obtained in each period, making a total o f  some 34,800 
litters. The breed of the boar (only purebred boars are licensed for breeding) 
and breeding of the sow were known for each litter. Summaries were pre­
pared for selected breeding classifications within farms for each of the four 
periods, and details of each litter were available for the second and third 
six-monthly periods.
The greater part o f the data involved the Large White (LW) and Landrace 
(L) breeds and their crosses, as shown in Table 1, and a large proportion of 
the litters from crossbred sows were baclccrosses to  one o f these breeds.
The sixteen different breeding groups and farms made up a two-way 
classification with unequal subclass numbers and with only 18% of the cells 
of the two-way table filled. Taking farm effects as random  and the breeding 
groups as specified or fixed, a least squares analysis was performed as outlined 
by Searle and Henderson (1961) for a mixed model. This analysis is roughly 
equivalent to comparing the breeding groups within farms and weighting 
the comparisons in proportion to  the inform ation they provide. There was 
no apparent disproportionality between purebred and crossbred litters within 
farms for several factors examined such as length o f farrowing index, p ro­
portion of gilts and details o f husbandry (for example whether the litters 
were born and reared indoors or outdoors). Analyses were made within each 
of the four recording periods and their results pooled it being assumed that
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about 50% of sows were common to consecutive periods and that tht 
repeatability of traits measuring litter performance was 0-15 (Lush and Molln, 
1942).
In  estimating components of variance large sampling errors were expectei 
to arise from a high proportion of empty cells and unequal numbers in tht 
subclasses o f the two-way table (Searle, 1961). The number of breeding 
groups was thus condensed to the three main groups in Table 1, whereupoi
TABLE 1
The percentage o f litters in sixteen designated breeding groups
Purebred %




Large White (LW) 27-4 LW x L 2-8 LW x (LW x L)
Landrace (L) 20-4 L xL W 8-6 L x (L W x L )
Wessex (Wx) 7-5 L W xW x 4-1 L W x(L xL W )
Other 2-1 L xW x 4-2 L x (L X LW)
Other 2-3 LW or L x(L W xW x) 
LW or L x (L x W x ) 
Other
T o ta l 57-4 22-0
13-9
20-6
f  Breed of boar first.
70% of the cells were filled, and components of variance were estimate;
from a similar analysis o f the condensed data.
The following traits were chosen for analysis:—
Num ber of pigs born alive 
Num ber of pigs alive at 3 weeks 
N um ber of pigs alive a t 8 weeks (weaning)
Litter weight at 3 weeks 
Litter weight a t 8 weeks
Although these traits are highly intercorrelated they do reflect somewk 
different aspects of litter production, namely prolificacy of the sow, abilite 
of piglets to survive, and total litter production. The analyses at each stage 
were made among all litters then present. Sows which had no live piglet 
may or may not have been recorded at birth on different farms. Of the; 
recorded at birth, 6  % were absent subsequently. These might have lost thee 
litters or may have passed unrecorded for some other reason at 3 weeks ait 
8  weeks.
RESULTS
Mean performance o f purebred and crossbred litters
The estimates of litter performance in the sixteen breeding groups we; 
quite similar in the four periods and the pooled results are presented in Tab 
2. Among the purebreds the performance of Large White sows was out­
standing for number of piglets born alive. However, their piglets had a higb 
early mortality than the other purebreds and at weaning the to tal litter weigh 
were similar. When purebred sows were mated to  produce crossbred fit® 
their litters were larger but the breeds were in the same ranking at farrowin' 
The crossbred piglets subsequently survived better and were heavier tiff
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p u r e b r e d s  at weaning, and by then there was little to choose among the 
various crosses. On average, crossbred dams were as good as purebred Large 
White sows in their farrowing performances, bu t there was less mortality 
among their piglets, and they weaned substantially heavier litters.
Table 2 gives the ranking of the breeds and crosses in their litter perform ­
ance and also indicates the general improvement on crossbreeding. The 
extent of the heterosis is hard to  gauge however, since all groups are com­
pared to the Large White breed. In  Table 3, the performance o f crossbred 
and purebred litters from the same breed of sow are compared and the
ant
TABLE 2
Litter performance o f sixteen breeding groups (as deviations from  


















Boar Sow Mean S.E. Mean S.E. Mean S.E. Mean S.E. Mean S.E
Large White LW 10-7 CO do 8-5 108 306
(LW)
Landrace (L) L -0 -7 4 0-07 - 0 0 6 006 -0 -33 006 10 0-8 5 2
Wessex (Wx) Wx - 1-00 0-10 -0 -2 7 008 -0 -3 0 009 2-5 1-1 - 3 3
Other purebreds -0 -9 2 0-17 -0 -4 3 0-14 -0 -4 2 0-15 01 1-9 10 6
LW L -0 -3 2 0-12 0-15 010 0-22 0-10 8-0 1-4 40 4
L LW - 0  02 008 0-14 007 0-21 0-07 4-2 0-9 25 3
LW Wx — 0-61 0-12 0-31 010 0-36 0-10 9-1 1-3 34 4
L Wx -0 -6 4 0 09 -0 -0 5 0-10 0-00 010 6-0 1-3 27 4
Other single crosses -0 -53 0-14 0-11 0-12 0-15 012 4-9 1-5 19 5
LW (LW x L) 0-17 0-19 0-61 0-16 0-65 016 12-2 2-1 36 6
L (LW x L) -0 -25 0-17 005 0-14 0-20 0-15 5-1 1-9 25 6
LW (L x LW) 0-66 0-19 0-87 0-16 0-88 0-16 13-5 2-1 43 6
L (L x LW) -0 -25 0-15 003 0-13 0-11 013 7-0 1-7 21 5
LorLW (LW x Wx) 007 0-24 0-69 0-20 0-78 0-20 10-7 2-6 45 8
L or LW (LxW x) -0 -25 0-20 0-15 0-16 0-20 0-17 7-7 2-2 30 7
Other crossbreds - 0 0 5 0-08 0-26 0-07 001 007 8-3 0-9 31 3
superiority of the crossbred sows over the average purebred performance of 
the parental breeds is presented. The general conclusions are the same as 
before. The degree of heterosis for traits measuring litter production ranged 
from about 2 % to 11 %, increasing generally with the age o f the litter and 
being higher for litter weights than numbers per litter. For the latter the 
heterosis of litters from crossbred sows was double that of crossbred litters 
from purebred sows, but the difference was much smaller for litter weights. 
In this comparison a large proportion o f the litters from crossbred sows were 
backcrosses. Unfortunately there were too few three-breed cross litters 
available to compare with the single cross and backcross litters.
jttei Variability among purebred and crossbred Utters
«in- The variation in litter performance within the sixteen breeding groups
tin within farms was measured using the detailed records of the second and third
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periods. Since the pattern of variation was rather inconsistent the variant 
were condensed into three main groups weighting each variance accord 
to its degrees of freedom. The pooled within group variances are shoi 
in Table 4.
TABLE 3
Comparison o f the Utter performance (a) o f crossbred and purebrei 
litters from  the same breed o f  sow and (b) o f crossbred sows with the 
average purebred performance o f the parental breeds (with standard
errors)









3 weeks 8 weeks (lb.)
- J Ü
Mean S.E. Mean S.E. Mean S.E. Mean S.E. Mean SI
(a)
Crossbred litter —purebred litter
iLW - 0 0 1 0-08 0-14 0 07 0-21 0-07 4-2 0-9 24-7 I'
breed of sow I L 0-42 0-13 0-49 0-10 0-55 0-10 7-0 1-4 34-3 t
IWx 0-37 0-11 0-40 0-09 0-48 0-09 5-1 1-1 33-0 )■!
Average difference 0-26 0-34 0-41 5-4 30-7





t (LW X L) &(L X LW) 0-46 0-10 0-56 0-08 0-62 0-08 9-0 1-0 28-2 j;
(LW xW x) 0-58 0-24 0-83 0-20 0-93 0-20 9-4 2-6 46-5 11
I (L x Wx) 0-63 0-20 0-45 0-16 0-52 0-16 7-0 2-1 28-6 i!
Average difference 0-56 0-61 0-70 8-5 34-4
Average superiority (%) 5-2 6-9 8-2 7-9 11-2
TABLE 4








Number born alive 
Number at 3 weeks 
Number at 8 weeks 
Litter weight at 3 weeks (lb.) 































































W ith one exception the purebred litter group was the most variable if 
all five traits. Crossbred litters from  purebred sows were slightly less variat 
than litters from crossbred sows. However, the largest category o f crossta Cr 
sows included a number of the less common crossbreds and crossbred so* Britaii 
of unknown breeding and so the litters from crossbred sows may appear n® 
heterogeneous for these reasons. and si












Components of variation in litter performance
As already mentioned, in estimating components of variance the data were 
condensed into three composite groups. For comparison of the two analyses 
the mean performances of these groups are given in Table 5. Being com­
posite breeding groups, their performance depends on the proportions of 
different breeds and breed crosses involved. A bout half of the sows produc­
ing purebred litters were Large Whites and consequently the two other groups 
showed less superiority than was found in the previous analysis for numbers 
per litter, but differences in litter weights were less affected.
In the analysis of variance, farm by breeding group interactions were 
highly significant for all traits in all periods. W ith such an extensive set of
TABLE 5
Litter performance o f three composite breeding groups (as deviations 
from the performance o f purebred litters) with standard errors
y Purebred Crossbred litters Litters from





Number born alive 10-3 0-19 0-03 0-44 0-03
Number at 3 weeks 8-6 0-31 0-03 0-48 0-03
Number at 8 weeks 8-4 0-36 0-03 0-56 0-03
Litter weight at 3 weeks (lb.) 108 5-5 0-30 8-2 0-40






Percentages o f the variation in litter performance attributable to 
different sources
Number born alive 
Number at 3 weeks 
Number at 8 weeks 
Litter weight at 3 weeks 
































data such a result is not surprising and the relevant question is not whether 
interaction effects exist but how im portant they are in affecting litter perform ­
ance. The components of variance for farms and for farm  by breeding 
group interactions estimated in the four periods were in good agreement and 
their average is presented in Table 6 .
The interaction component, though highly significant, contributed only 
from M %  to 1-4% of the variation in litter performance. The variation 
due to farm differences was far greater, especially for litter weights.
DISCUSSION
Crossbreeding plays an im portant role in commercial pig production in 
ritain and the practice is well supported by the findings in tins paper. In 
act over 60% of the 1^ to 1^ million litters produced annually are crossbred 
and some 70% of these are from  crossbred sows (P.I.D.A. survey, 1961).
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Despite the extent of the practice there is no well-defined pattern in 
crossbreeding as found in the criss-crossing or rotational crossing of sevt 
breeds in the U.S.A. or in the stratification of breeds and crosses seen 
the sheep industry in Britain.
The enhanced litter performance through crossbreeding found in Brit 
pigs is in general agreement with the numerous reports on crossbreeding® 
l iterature dealing with a wide variety of breeds and environmental conditio; 
Reviews by Fredeen (1957) and Lauprecht (1957), summarise the is 
American and European contributions respectively. M ore recent rep; 
by Gaines and Hazel (1957), Cobb (1958), K oh (1958), Skarman (15i; 
and (1961b), Willham (1960), Kabanov (1961) and others all support 
findings of earlier workers. Surprisingly in this extensive literature 
crossbreeding, comparisons o f contemporary purebred and crossbred ¡: 
are rather sparse. In  this paper and in Skarman (1961b) the litters fr 
crossbred sows were baclccrosses to one of the parental breeds and thus® 
show less hybrid vigour than three-breed cross litters. Results for: 
performance of crossbred sows producing three-breed cross litters seem 
be restricted to two reports, an  early paper by W inters et al. (1935) and 
abstract o f Gaines and Hazel (1957). These do seem to indicate a grs 
gain from the three-breed cross litters but different breeds and condili: 
were involved.
Though a difference in variability was found among purebred and cri 
bred litters it would be too small to be discernable in practice. When 
difference in mean performance is also taken into account the frequent] 
litters o f different sizes in the purebred and crossbred classes will t: 
rather more. However when dealing with small numbers of litters tt 
varying farm conditions the differences in frequency would still be diffi: 
to detect. The proportion of variation due to farms shows that farm envif 
ment had a considerable effect on litter performance. Since the breed 
groups were scattered disproportionately among farms, the within-fc 
analysis was certainly justified. In fact the estimates of the superiority 
crossbred litters and crossbred sows from the least squares analysis wereab: 
twice as large as those calculated from the overall averages in the P.I.D. 
record reports. Thus it seems that farms with purebreds were provi 
a somewhat better environment than farms with crosses. The least sqffi 
analysis also indicates that a real breeding group by farm interaction exif 
but it exerted only a minor influence on these data. Thus it appears that! 
very largely through their superior mean performance tha t crossbred ft 
and crossbred sows excel in litter production.
SUMMARY
The litter production o f various purebred and crossbred groups of p 
were studied in data collected from 1959 to  1961 on some 34,800 lit 
recorded on over 800 farms in Britain. A least squares analysis wasp 
formed to obtain within-farm estimates of performance for five litter trait 
sixteen specified breeding groups and to analyse the total variation in ft 
performance.
The ranking of the purebreds and crossbreds is presented. In ge* 
there was a lower mortality in crossbred litters which had 2 % more pi? 
birth and 5% more pigs at weaning than purebred litters. The total It
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weight at weaning was 10% greater in crossbred litters. Crossbred sows 
showed more heterosis with 5 % more pigs at birth, 8 % more pigs at weaning 
and an advantage of 11 % in total litter weight a t weaning.
Farm differences accounted for a m ajor portion o f the total variation 
in litter production, 8-9 % for litter numbers and 15-25 % for litter weights. 
On the other hand the interactions o f farms and breeding groups, though 
highly significant, contributed only 1- 2 % of the total variation in litter 
production.
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RESULTS OF PIG  PROGENY TESTIN G  IN  GREAT BRITAIN
C ha rles  Sm it h  
A.R.C. Animal Breeding Research Organisation, Edinburgh 9
A n a t i o n a l  pig progeny testing service has been available to pig breeders 
in Great Britain since 1958 and an extensive set of test results has accumul­
ated. These records have been used here to study what effect progeny 
testing has been having on pig improvement and to review the use of the 
testing facilities. The amount o f selection based on the test results and its 
effect on the following generation are examined. The usefulness of the 
progeny test results in selecting breeding stock is examined by comparing 
tests on sons with tests on their parents and relating the observed regressions 
to their theoretical expectations. Some limitations of the system of testing 
and the organisation of the breeding population are discussed and proposals 
intended to increase the impact o f testing on pig improvement are put forward.
M ATERIAL A N D  M ETHODS
The data for this analysis were abstracted from  the annual reports 
of the National Pig Progeny Testing Board (1959-63). Records were 
avaialble on 528 Large White boars and 294 Landrace boars tested at the 
five national testing stations from 1958 to 1962 inclusive. The four traits 
studied were daily gain, feed efficiency, average backfat thickness and carcass 
length. The test reports gave the boar average and the average o f each of 
four litter groups of two castrated males (hogs) and two females (gilts) tested 
per boar. The pigs were individually fed to  appetite, starting test a t 50 lb. 
live-weight, and finishing test a t the first weekly weighing of over 2 0 0  lb. 
live-weight. All the boars, their mates and their progeny were purebred. 
The herd of origin and full pedigree were known for all animals and it was 
possible to collate progeny tested boars and sows with their progeny tested 
sons.
The litter group records were classified by 6 -month periods within 
stations and were adjusted to a contemporary basis by expressing performance 
as a deviation from the class mean. In this way differences in performance 
between stations and between periods were eliminated and the data could 
be handled as one large group w ithout further partition or correction. The 
majority of boars were tested at only one station but during 1958 and 1959 
some boars had progeny groups tested at more than one station. A least- 
squares analysis of this sub-set indicated that environmental differences 
accounted for most of the differences in performance between stations.
The 528 Large White boars and the 294 Landrace boars came respectively 
from 194 and 143 breeders. H alf o f these breeders tested only one boar 
during the 5-year period and three-quarters of the breeders tested less than 
rour boars. With such infrequent and interm ittent testing these breeders
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had little opportunity for selecting among their progeny tested boars. There 
were some breeders who tested more frequently and thirty-seven tested more 
than four boars during the 5-year period. Yet, despite their greater partici­
pation in testing, the test results o f pigs from these 37 breeders were only 
slightly better than average. The origins of the boars and their parent 
were traced and it was found that almost half the boars were homebred b# 
only 15 % had sires and 25 % had dams which had been born on the same farm. 
These figures reflect the extent of the trade in pedigree stock from herd to 
herd and show that very few herds are closed to the introduction of nes 
breeding stock. It is possible that there was some selection of the boars ano 
the sows that were tested. The average age of parents, when their test litters 
were born was 20 months for boars and 28 months for sows. Breeders coil 
thus have had information about growth and carcass traits for progeny ofa 
boar and his mates before testing their litters.
RESULTS
The overall performance of the two breeds from 1958 to 1962 is givemij2 av
Table 1. The trends in performance were similar in the two breeds, threeiwswitf
Large \
TABLE 1
Performance at the progeny testing stations from  1959 to 1962
Daily gain
Feed efficiency 














1 ( \ 
Large
Year White Landrace White Landrace White Landrace White Landrace
1958 1-53 1-51 4-22 4-31 36-1 33-7 803 810
1959 1-50 1-50 4-33 4-37 34-7 32-5 806 811
1960 1-47 1-46 4-22 4-32 33-9 32-2 804 812
1961 1-44 1-43 4-21 4-30 33-7 32-1 808 813
1962 1-46 1-45 4-16 4-27 34-7 32-6 808 813
traits showing some improvement while one, average daily gain, fell overtk 
period. The Large White breed was consistently the more efficient in feel 
conversion but had shorter carcasses and thicker backfat than the Landraa 
The effectiveness of the testing depends on how much selection was 
practiced on the basis of test results. This was studied by comparing the 
progeny tests o f parents having sons subsequently tested with all contem­
porary progeny tests. The differences in performance were then averagê  
weighting by the number of sons tested. All animals tested from 1958 to 
1962 with sons tested or on test a t M arch 1964 were included. The result 
are given in Table 2, and show that animals with sons tested had bettei 
progeny tests than average but the superiority was not large. The selection 
differentials for boars (16 progeny) and sows (4 progeny) were both abou; 
0 - 2  of a standard error of a test mean for daily gain and feed efficient; 
and about 0-4 of a standard error of a test mean for average backfat ani 
carcass length, being larger for the Large White than the Landrace. Tte 
represents a rather mild degree of selection and would correspond to cull»;- 
the poorest 5-10%  of the progeny tested parents for growth rate and fee« 
efficiency and the poorest 15-20% for average backfat and carcass lei#














Moreover, only a small proportion of parents in the breeding herds in the next 
generation have progeny tested parents, so that these selection differentials, 
small as they are, considerably overestimate the effect of progeny testing on the 
population of breeding herds as a whole. Though the four traits studied 
here were given priority in the test reports, results for another 14 traits were 
also published and some selection effort may have been spent on these.
TABLE 2
Differences between the progeny tests o f  parents with sons subsequently tested 
and all contemporary progeny tests (with the standard error o f a test mean












iars with sons tested
throws with sons tested 
’ Large White 
Landrace
dumber Difference f S.E. Difference f S.E.
sr
Difference t S.E. Difference | S.E.
166 0 01 0 0 5 - 0 0 3 0 1 3 - 1 0 1 201 6 ’7 107
98 0 0 1 0 0 5 - 0 0 2 0 1 2 - 0 5 4 1-63 3’3 9 6
169 001 0 0 8 - 0 0 5 0 1 7 - 0 9 6 2’32 61 12-3
110 0 0 3 0 0 7 - 0 0 3 0-17 - 0 7 6 2-02 1*9 12-3










The progeny test results of boars with tested parents were compared 
with all contemporary progeny tests. The data, in this comparison, were 
restricted to parents and their sons both tested in the period 1958 to 1962 
and necessarily refer to parents tested early and to  their sons tested later 
in the period. The results, in Table 3, show that the progeny tests of sons
TABLE 3
Differences in the performance o f progeny from  sons o f tested 
parents and all contemporary progeny f



























Boars with tested sires
Large White 163 000 - 0-01 - 0 0 9 +  1-5
Landrace 121 001 - 0 0 1 +0-14 +0-7
Boars with tested dams
Large White 98 0-00 - 0-02 -0 -27 +  1-1
Landrace 94 0-00 - 0-01 + 0 0 1 - 0-2
t  Same standard error of differences, and of test means as in Table 2.
from tested parents were only marginally better than those of their contem­
poraries. This might have been expected in view of the small selection 
differentials in Table 2, but there may also have been some improvement in 
the untested stock in the national herd.
To determine whether parents with good test results left sons which 
also had good results the regressions of son’s test on parent’s test were 
calculated. However, two factors complicate the interpretation of these 
regressions. Parents tested in the same period had sons tested in several
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periods, and vice versa. If  there were genetic differences between periods, 
for example due to a genetic trend, these would affect the parent-son regies- j0
sions. Another difficulty was that half the sons were tested from the samt stl
herd as their parents while the other half had been sold to different herds, ¡n
I f  there were genetic differences between herds the parent-son regressions f0]
would be affected, for example if sons of high ranking parents were purchased aiI
with a view to upgrading the poor testing herds. The parent-son regressions t]1(
were calculated separately for pairs tested from the same herd and for pair, „r(
tested from different herds. Any differences between herds which carried
TABLE 4
Observed regressions, with standard errors, and expected regressions 0} 
son's test on parent's test
F a th e r - s o n  Mother-son
Observed Expected t Observed Exps
S.E. S.E.
Daily gain Large White 0-29±0-08 0-25 0 -10±0 06 «
(Ib./day) Landrace 0-13±0-08 0-26 0-09±0-05 |
Feed efficiency Large White (M0±0-08 0-29 0-17±0-06 t
(lb. feed/lb. carcass gain) Landrace 0-14±0'10 0-29 0-14±0-05 I
Average backfat Large White 0-50±0-09 0-31 0-32T0-06 t
(mm.) Landrace 0-20±0-07 0-34 0-11±0-06 1
Carcass length Large White 0-42±0-08 0-30 0-33±0-07 «
(mm.) Landrace 019±0-10 0-35 0-14±0-06 «
f  Expected regressions calculated from genetic parameters of Smith et al. (1962) aid ^ 
Smith and Ross (1965).
over to affect test performance would have increased the former and reduced 
the latter from their expected values. In 11 out of the 16 cases the within 
herd regressions were the larger, indicating that the tests on sons and pare# 
were more alike if both were tested from the same herd.
The overall parent-son regressions were also calculated, there beinc 
159 father-son pairs and 196 mother-son pairs available. These regress® 
are presented in Table 4, together with expected regressions estimated fro* be ( 
parameters of Smith, King and Gilbert (1962) and Smith and Ross (1965). Lar 
The observed regressions were all positive but tended to be larger in ft 0% 
Large White than in the Landrace. Agreement with the expected regression! 0% 
was better for the Landrace than for the Large White in which three of the leng 
observed regressions were more than two standard errors from  the expected real 
values. However, on pooling the estimates from the two breeds the agree- by 5 
ment between the observed and expected regressions became quite good 
On the whole there seems no reason to doubt the genetic parameters obtained way 
in earlier work especially since the observed regressions were liable H of v 
several biases in their genetic interpretation. For the same reason ft (Ha: 
parent-offspring regressions did not provide reliable estimates of heritabi four 
and moreover, in addition to the conventional genetic and residual compc® the 1 
ents of variance, they involved a litter component which cannot be estimate ance 
directly from data on litter group averages. den
I n  previous analyses with British pigs an estimate of the i n f l u e n c e d  pig








pre-test herd environment on the progeny test could not be obtained because 
so few boars were tested from any one herd. Over the 5-year period 
studied here, an average of 2 - 2  boars were tested per herd and it was possible, 
in an analysis of variance, to estimate a pre-test herd environment component 
following Jonsson and King (1962) and allowing for the genetic relationship 
among pigs from different sires in the same herd. Since the analysis was on 
the basis of litter averages, estimates of the total individual variation from 
previous studies were used so that the herd environment component might
TABLE 5













































White Landrace White Landrace White Landrace
I t -0 -6 9 -0-71 -0 -03 -0 -2 6 +0-19 + 0-21
2 -0 -5 6 -0 -5 4 +0-05 -0 -06 +0-08 + 0-10
3 -0 -75 -0 -25 +0-05 -0 -4 6 + 0-00 +0-35
4 -0 -7 4 -0 -93 -0 -4 2 -0 -43 + 0-10 +0-30
I t +0-24 +0-44 — 0-19 - 0-12
2 + 0-22 +0-27 + 0-02 +0-08
3 +0-78 +0-79 -0 -32 +0-24
4 +0-75 +0-46 -0 -39 -0 -26
I t -0 -37 - 0-22
2 -0 -45 - 0-01
3 -0 -47 -0 -62
4 -0 -40 - 0 0 3
t  1. Half-sib analysis—Smith et at. (1962)
Smith and Ross (1965)
2. Half-sib analysis—present data.
3. Parent-offspring (sire-son)—present data.
4. Parent-offspring (dam-son)—present data.
be expressed as a percentage of the total variation. The percentages in the 
Large White and Landrace were respectively 2 % and 1 % for daily gain, 
0% and 1 % for feed efficiency, 8 % and 0 % for average backfat and 5 % and 
0% for carcass length. The percentages for average backfat and for carcass 
length in the Large White were significantly different from zero and, if 
real, would have inflated the estimates of heritability for these traits reported 
by Smith et al. (1962).
The genetic correlations among the four traits were estimated in two 
ways, first from the sire components of variance and covariance in the analysis 
of variance and then from the parent-son covariances for each pair of traits 
(Hazel, 1943). The estimates are presented in Table 5 along with values 
found in previous analyses. There was a fair degree of agreement among 
the different sets of estimates though those from the parent-offspring covari­
ances were generally the largest, for example in the correlations of feed effi­
ciency and daily gain with backfat thickness. However, from the aspect of 
pig improvement it is evident that under the current market requirements
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these four traits are genetically compatible and could be improved cop, 
currently.
An attem pt was made to measure the genetic change in performa®, 
with the method outlined by Smith (1962), which uses the regression of sit 
test performance on time as a measure of half the genetic change. Howeva 
most of the sires were tested over a short interval of time and consequenij 
the standard errors of the estimates of genetic change were rather large. Til 
calculated genetic changes were generally favourable but were very snjal 
and none was significantly different from zero.
DISCUSSION
Pig testing and recording schemes have been operated in many count® 
for many years, mainly with the object o f providing records to assist breed«! 
in their selection of breeding stock. Large amounts of data with details o: 
the performance and pedigree of the test animals have accumulated and ties 
have been analysed frequently by animal geneticists. These analyses h i 
dealt mainly with the estimation of heritabilities and correlations aim; 
traits. The genetic parameters so obtained have been the basis for predict 
direct and correlated changes by selecting and for designing efficient breedit; 
and testing schemes. Rather surprisingly, however, the simple and moii 
direct methods of genetically analysing the data, used for example by L e  
(1936), have rarely been employed. There have been very few attempts!; 
evaluate the effectiveness of the breeding schemes by measuring the amof 
of selection done on the test results and its effect on the subsequent progeni 
Such analyses could be done to advantage on many of the sets o f accumulate! 
pig testing data, both to check on the genetic parameters derived from othti 
analyses and to measure the effectiveness of the testing schemes in mate 
genetic improvement.
The advent of progeny testing brought some im portant changes in p$ 
breeding practice in Great Britain. The testing placed emphasis on ts 
performance rather than on pedigree or on body conformation, and tl® 
sought to identify the requirements of commercial producers and to defit 
these as aims for the pedigree breeders. Indeed an im portant functioni 
the progeny testing stations in the early years may have been in influenciif 
the goals of the breeders towards the improvement of economically importat 
and heritable traits. The other im portant function of the testing stations« 
to provide, for the first time, comparative tests under standard condition 
so that breeders could assess the merit of different stocks in making thet 
selections. Thus progeny testing at once provided both the aims and a meat 
for improvement.
The testing was well supported by the breeders but only a small amoii 
o f selection was done on the basis of test results. The selection different»! 
for the four traits examined here were only about 0 05 to 0-30 stands» 
deviation units which represents a rather mild degree o f selection. Sever; 
factors may have contributed to the lack of selection, among them a const 
vatism among the breeders, a lack of advice and guidance on the use oft' 
test results, uncertainty on breeding objectives and some confusion wroilf 
by differences in performance at different stations. However, possibly t 
most im portant limitation to selection and improvement was the s® 
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herds. Although about 250 boars were tested per year there were some 300 
herds testing from 1958 to 1962 and some 700 herds in all were eligible for 
testing. Thus the simple logistics of testing were unfavourable so that 
few breeders could test regularly and the scope for selection was quite 
limited.
The usefulness of the progeny test in practice for discriminating among 
parents in their breeding value was confirmed by the parent-offspring 
regressions. These were all positive and were generally in line with theoretical 
estimates. To this extent the regressions found here support the estimates 
of genetic parameters from other analyses and indicate that the parameters 
will be fairly reliable in practice. This is reassuring because one cause of 
concern has been that an effect of pre-test herd environment on the test 
results may exist. The results given here on this topic are inconclusive, 
especially as they apply to  spans of up to 5 years in herd environment. 
Studies with Danish pigs showed that from 0 to 6 % of the total variation 
within years could be due to a pre-test herd environment effect (Jonsson 
and King, 1962; Jonsson, 1963). Although these percentages were rather 
small, they could, if real, bias heritability estimates quite seriously. It 
might be noted here that if genetic differences between herds exist, then at 
least two heritability estimates could be appropriate, one referring to variation 
within herds and the other to the variation in the whole testing population.
The main conclusion from  this analysis is that progeny testing so far has 
had little impact on pig improvement in Great Britain. Little selection has 
been done on the basis of test results perhaps partly because only a small 
fraction of herd sires could be progeny tested. Rather than vastly increasing 
testing facilities to serve the large national breeding population, an alternative 
would be to restrict the testing to a small nucleus set of breeders. These 
breeders could concentrate on testing and selection and would form a nucleus 
for improvement which would then pass on improved breeding stock to the 
rest of the population. Such a scheme has been shown to be theoretically 
the most efficient in the use of a set o f testing facilities (Smith, 1959).
This analysis has also shown that the genetic parameters previously 
estimated are fairly reliable in practice and so can be used with some con­
fidence in designing testing systems and recommending breeding plans. The 
two chief objectives in pig improvement in G reat Britain at present, feed 
efficiency and carcass lean percentage, are highly heritable and can be 
measured directly or indirectly on the live animal. In this situation the maxi­
mum rate of improvement will obtain from  performance testing (Dickerson 
and Hazel, 1944). The advantages which the performance test can confer 
in the intensity of selection possible, in the range of performance available 
for selection and in allowing a low generation interval, cumulatively far 
outweigh any small loss in accuracy in assessing the breeding value of 
individual animals. A t the current stage of pig improvement in Great 
Britain, breeding methods more sophisticated than performance testing with 
mass selection would not appear to be necessary or worthwhile.
SUM MARY
From 1958 to 1962 over 800 boars and 3,000 sows were progeny tested 
at the national pig progeny testing stations in Great Britain. Their test 
results for four traits (daily gain, feed efficiency, average backfat and carcass
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length) have been used to study the amount and effectiveness o f selection ant 
to review the use of the test facilities and their effect on pig improvement, 
The am ount o f selection on test results was studied by measuring 4 
difference in performance of animals with sons subsequently tested and all 
contemporary tested animals. The selection differentials found were fr® 
0-05 to  0-30 standard deviation units for the four traits studied which repre­
sents a rather mild degree of selection. Thus selection could have had only 
a small effect in improving the testing population. In  fact sons of tested 
animals showed little advantage over their contemporaries in test performance 
Parent-offspring regressions were calculated and these, in agreement will 
theoretical estimates, indicated that selection would be effective and wouli 
lead to genetic changes in any of the four traits studied. Genetic correlation! 
among the four traits were also calculated and indicated genetic cot 
patability in improving the four traits concurrently.
Two proposals intended to increase the impact of testing on pig impure- 
ment are put forward. These are (1) to restrict the testing facilities to a smal 
nucleus set of breeders who could concentrate on testing and selection ani
(2 ) to replace the progeny testing by performance testing which would alta 
a more intense selection and a greater rate of improvement for the sans 
testing facilities.
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A NOTE ON THE HERITABILITY OF M USCLE COLOUR IN  PIGS
A . H . R . P ease
Pig Industry Development Authority, Ridgmount Street, London, W.CA
C. S m i th
A.R.C. Animal Breeding Research Organisation, Edinburgh 9
M u s c le  colour has been recorded on pigs tested at the national pig progeny 
testing stations in Great Britain since 1958. From  September 1960 a muscle 
colour score on a scale of 1 to  7 points has been given by comparing the 
muscle colour with a series o f seven coloured discs of increasing colour 
intensity. These discs were prepared specifically (by Tintometer Ltd. of 
Great Britain) to score muscle colour in pigs. The higher the colour score 
the more desirable the colour was adjudged to be by the testing station 
personnel. However, scores of 6  and 7 were very infrequent and no assess­
ment of their desirability was made. Carcasses were cut at the last rib on 
the day after slaughter a t about 2 0 0  lb. live-weight and muscle colour was 
scored on the cut surface o f the longissimus dorsi muscle (eye muscle).
Data on muscle colour scores were available on the progeny of some 100 
Landrace and 149 Large W hite sires, all with 4 litters o f 4 pigs (2 females 
and 2 castrated males) tested during the period 1960 to 1963. Sires and their 
progeny were classified into three groups of approximately equal size to 
reduce the effects o f any trends either in muscle colour or in the way it was 
scored. The grouping was according to  the date o f start of the progeny test 
and there was thus some overlapping in the slaughter dates of pigs in different 
period'groups. A conventional nested analysis of variance was performed 
separately for each sex, and also for the two sexes together. The analyses 
were within groups and within stations. Heritability estimates were cal­
culated from the components of variance in the usual way (e.g. Smith, King 
and Gilbert 1962).
The average muscle colour scores for the two breeds and sexes are given 
in Table 1. The Landrace breed had a lower average colour score than the
TABLE 1
Average muscle colour scores and standard deviations 
for two breeds and sexes
Muscle colour Standard 
score deviation
T , Castrated males 3-59 0-77
Landrace Females 3-67 0-84
r iiru-. Castrated males 3-91 0-74Large White Feraales 4 .Q6 0 .?7
Large White breed and castrated males had lighter coloured muscles than 
females. In Danish pigs, Jonsson (1963) did not find any difference in muscle
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colour score between the two sexes, except in one year when the females had 
significantly lighter coloured muscles. There were no m arked seasonal 
differences in the present data, but Jonsson (1963) found that the musclesof 
Danish pigs were darker coloured in winter than in summer.
The proportions of the total variation in muscle colour score attributable 
to different causes are given in Table 2. The heritability estimates were larger
TABLE 2
Proportions o f the total variation in muscle colour score 






Castrated males 0-41±0-12 - 0 0 2 0-61
Females 0-55±0-12 - 0-22 0-67
Castrated males 0-34±0-ll - 0 0 2 0-68
Females 0T 7± 0T 0 010 0-73
in the Landrace breed which had the lower average score and the larger total 
variation. Jonsson (1963) in two separate analyses, found rather differen! 
estimates of heritability in the two sexes, namely 0-06 in castrated males and 
0-32 in females, but this pattern was not repeated in the present Britisl 
data. Estimates of the proportion of the variation due to common littei 
environment were rather variable in this analysis, but Jonsson (1963) found 
low positive estimates in Danish pigs.
It was possible in this analysis, to test for sex by litter interaction and sej 
by sire interaction effects by combining the within-sex analyses and the 
overall analysis. I t turned out that none of the interaction effects w 
significant in the two breeds.
It is concluded that muscle colour in pigs, as measured by the scoring 
system used at the British testing stations, is moderately heritable and thai 
selection for muscle colour would result in a genetic change in the average 
muscle colour score.
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GENETIC PARAM ETERS OF BRITISH LAND RACE 
BACON PIGS
C. Sm ith
A.R.C. Animal Breeding Research Organisation, West Mains Road,
Edinburgh 9
G. J. S. Ross 
Rothamsted Experimental Station, Harpenden, Herts
This paper presents the results o f an analysis similar to that reported by 
Smith, King and Gilbert (1962) on Large W hite pigs. The heritabilities 
of 26 traits and the phenotypic and genetic correlations among the traits 
have been estimated from data on Landrace pigs tested at the five British 
pig progeny testing stations and the results are compared with estimates 
from previous analyses. The importance of sire-sex and litter-sex inter­
actions was also studied for the 26 traits. Finally a summary of the inter­
relationships among the traits was attempted using a principal component 
analysis.
M ATERIAL AN D  M ETHODS
The form of the data involved and the methods of analysis used were 
essentially similar to those in Smith et al. (1962). Individual performance 
records were obtained on 574 Landrace litter groups, each of 2 females 
and 2 castrated males, giving a total of 2,296 pigs by 250 boars tested at 
the British pig progeny testing stations between 1959 and 1961 inclusive. 
The numbers of boars with 1, 2, 3, 4, 5 and 8  litter groups were 67, 94, 43, 
43,2 and 1 respectively.
In the analysis o f Large Whites constants were fitted for stations and 
periods but here, to avoid any effects due to changes in the ranking of the 
5 stations in different periods, the analysis was made within stations. 
Separate analyses were performed for each sex and adjustment was made 
to the data for the effects o f eleven 3-monthly periods using dummy variates, 
i.e. the sums of squares and cross products (S.S.P.) of each trait were 
corrected for differences due to  periods by multiple regression. Adjustments 
for effects of differences in age at start of test and in last live-weight were 
also made by multiple regression. The adjusted S.S.P. within stations were 
then pooled and the components of variation estimated for each sex separately 
and then together.
To find the S.S.P. for the sire-sex and litter-sex interaction terms, the 
same form of analysis was performed on the litter totals. By subtracting the 
S S.P. for litter totals from the pooled within-sex S.S.P., the interaction 
S-S.P. in the analysis o f variance were found and their significance tested, 
fhe interaction effects were also expressed as genetic correlations between 
performance in the two sexes following Robertson (1959).
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The relationships among parents, required for an interpretation of the 
variance components, were obtained from a sample of 85 Landrace sire 
tested. The average genetic relationships between a sire and his mate g ? 
and among the mates of a sire were 0 - 0 2 1  and 0-082 respectively. The |  ~ 
degrees of freedom, the expected mean squares and the composition of % fe £
components of variance were :
Degrees of Expected Composition of ^ ^
freedom mean squares variance componenls S 0
Between sires 245 ct2+2o-2-|-4-586<72 ct2 — 0-281iP ~ §
Between litters within sires 274 cr2+2<j2 cr2 =  0-230o-2-fir
« £
s c § Si " aWithin litters 564 a1 o-2 =  0-489g2 +if «
1  1  G J »  -Q
S) s
where c2G, a \  and a2E refer to the additive genetic, non-genetic litter and ^  
residual variances respectively and have the same interpretation as in Smita 0 3 
et al. (1962). |  §
Twenty-six traits were studied in this analysis of which 21 were also i  „ 
included in the analysis of Large Whites. These will not be redefined here g.’S
but can be seen, for example, in Table 1. The other traits were: s ’!
•«Average backfat thickness—(shoulder+ loin 2)/2. c-
Carcass depth—maximum depth from the sternum to the top of tk ^ *
vertebral column.
Scores assessing the suitability of the carcass for bacon measured r ~ -
a »)a scale of 0-50 with intervals of 5 points—(a) firmness of fat scon, 
(b) eye muscle score and (c) fat distribution score.
These 26 traits were chosen from some 40 traits available as representing ~ 
four broad arbitrary biological categories shown by the grouping in Table 1, •§ ~ 
These were (1) growth rate, feed efficiency, appetite and dressing out per |  g 
centage, (2) measures of fatness, (3) carcass dimensions and (4) measures of ^  
muscling. b
g  ^
RESULTS §  jp.** iu , 2 ^
The mean performance and standard deviation for each of the 26 trails * c 
are given in Table 1. Differences between the sexes were very similar to 
those found previously in Large Whites. S .§
Heritability estimates were calculated separately for each sex but the'  
estimates differed significantly (P<0-05) only in the case of feed intakê  £ 
per day at 200 lb. five-weight. However, the standard errors o f the difference) |  § 
were about 0 - 1 8  so that discrimination between the estimates in  the two sexes0  ,<j 
was not very powerful. The pooled heritability estimates (standard err«'! |  
about 0 -1 0 ), the proportions of the total variation due to non-genetic li® « ^  
effects (standard errors about 0-04) and the residual proportions of tk i  
variation are given in Table 1. For comparison the heritability estimates ̂  ** 
from the analysis of Large Whites are also tabulated. The estimates in ̂  f |  
two breeds differed significantly (P<0-05) in only two traits, fat depthk^ s 
and feed intake per day at 125 lb. live-weight, and the agreement betwefi 
the estimates in the two analyses was quite good. Measures of fat dept 
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294 SM ITH A ND ROSS
of muscling had rather larger heritability estimates in  this analysis thani; 
the analysis of Large Whites. The estimates for daily gain and feed efficient] 
were in good agreement in the two analyses, confirming, as noted in Smiii 
et al. (1962), the substantially higher heritability of these traits with individual 
feeding than was obtained by other authors with pigs on group feeding,
In the analysis of variance to  test for interactions of parent and sex t! 
offspring none of the litter-sex interaction terms was significant. Tit 
S.S.P. of litter-sex and of within sex and fitters were pooled to test fc: 
sire-sex interaction effects. The expected variance ratios (F-test values: 
for 245 and 1403 degrees of freedom were found using a form ula in Lindt; 
and Miller (1953). Nine of the 26 traits studied (see column 7 of Table! 
had significant ( P < 0  05) sire-sex interaction terms. Four of these« 
traits of high economic value and four were traits associated with carcas 
dimensions. However, though the sire-sex interactions were significat: 
for these traits, their interaction components accounted for only abet 
4 % of the total variation in the combined analysis.
Robertson (1959) has shown how two effects contribute to  an interact»: 
component and these, in terms of a sex-sire interaction are (1) different« 
in the sire components in  the two sexes and (2 ) differences in ranking amot; 
sires for performance in their male and female progeny. The latter efts 
can be represented by the genetic correlation between performance in I  
two sexes and these are shown in Table 1 for the 26 traits. Since the intet 
action term involves the sire components, the test for sex-sire interact® 
is more sensitive and the standard errors of the genetic correlations as 
smaller for the traits with high heritability. Only the traits with signifies N 
interactions had genetic correlations significantly different from unity, as; 
vice versa, so that it appears that the interaction effects were largely dc; 
to a different ranking among sires in their male and female progeii 
performance.
Phenotypic and genetic correlations were estimated for each sex as: 
were subsequently pooled over sex. The pooled estimates are presented s 
Table 2, the standard errors of the phenotypic and genetic estimates beii: 
around 0-02 and 0-18 respectively. To provide a simple measure oftk 
agreement among any two sets o f correlation estimates, the correlatk 
coefficient between the corresponding items in the two sets of estimates fflf 
be used. This was felt to  be a reasonable criterion here for the estimates» 
any set were fairly normally distributed. The agreement between the set 
of estimates in the two sexes was closer for the phenotypic correlation 
(r =  0-96) than for the genetic correlations (r =  0-61) as might be expeck 
from the larger standard errors of the latter. The pooled genetic correlatiof 
were similar to the pooled phenotypic correlations (r =  0 -8 6 ) but tend« 
to be somewhat larger. This suggests that in the absence of reliable estimate 
of genetic correlations, it may be expedient to estimate them  from 4 
phenotypic correlations. The overall agreement between the pooled geneft 
correlations calculated both in this analysis and in the analysis of La® 
Whites was satisfactory (r =  0-62) though there were several individi» 
differences in the relationships among the traits.
The general impression of the 650 correlations in Table 2 is one of: 
complex and intricate set o f relationships among the traits which is h® 
to summarise. Among the measures of fatness and fat depth and aiMi 
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296 SM ITH AND ROSS
the group of traits measuring carcass dimensions were less closely inter- ca:
correlated. The measures of muscling and the various fat depths were into- co
correlated but not as highly as might be expected, and neither set of measures sh>
were very closely correlated with the carcass length and depth measurements.
O f the group of traits representing growth and food intake and utilisation, dr:
the most im portant economically is feed efficiency. The correlations of It
this with measures of fatness and measures of muscling were larger in this 
analysis than in the Large Whites indicating that favourable changes in 
these three groups of traits are quite compatible. Finally, as in the Large 
White analysis, dressing-out percentage showed positive correlations will 
both the measures of fatness and the measures of muscling.
Principal component analysis
A principal component analysis was used, as in the analysis of Large 
Whites, in an attem pt to summarise the information in the correlatm 
matrices. The object of such an analysis is to try to explain the correlation 
pattern among the 26 traits in terms of a smaller num ber of derived variâtes, 
called components, which are linear functions of the original variâtes. The 
first component is chosen to account for as much of the correlation patten, 
as possible, the goodness of fit being assessed by the size of the latent root, 
Second, third and further components, uncorrelated to those preceding, ait 
chosen in turn, working with the residual correlation matrix a t each stage,
If  the first few components can explain the correlation pattern adequately, 
it may be sufficient to concentrate on these and neglect the remainder.
While the sum of the latent roots in each case is 26, the number of trails 
involved, the first two latent roots add up to 12-0, 7-3 and 8-5 for the genetic, 
environmental and phenotypic correlation matrices respectively. Thii 
shows that the first two components can explain a disproportionate pail 
of the correlation matrices especially for the genetic correlation matrix, 
perhaps because of the higher values of the genetic correlations. In this 
case the correlations between predicted and observed genetic correlations 
were 0-54 using the first component and 0-89 using two components. Thus 
an appreciable description of the correlation pattern was achieved by tk 
first two components. *-
The vectors of the first and second components were quite similar» pIG
the various matrices, though those for the genetic and environment! 
matrices resembled those for the phenotypic matrix more than each other,
This indicates, rather surprisingly, that the main genetic and environment! mt<
relationships among these traits were similar but the agreement is likelt fits
to be only a function of the groups of fatness and muscling traits used bet sco
and not a general biological phenomenon. fat!
The first two latent roots and vectors for the pooled genetic correlate m t
m atrix are given in the final columns of Table 1. The first component hai rati
high positive vectors for measures of fat depth and feed efficiency and liigl a di
negative vectors for measures of muscling. Thus, as in the analysis«! lenj
Large Whites, the predominant relationship among this array of traits Ù em<
one involving carcass composition and contrasting the measures of fatness the
with the measures of muscling. The second component had a high positive m 1
vector for dressing-out percentage with smaller positive vectors for both tte con
measures of fatness and the measures of muscling and negative vectors f® °i
in te r . carcass dimensions and daily gain. The vectors of the third and subsequent
int£l components were also studied but it was difficult to find meaningful relation­
al© ships among traits with vectors of common sign.
w ; A diagram (Figure 1) o f the vectors of the first two components was
ation drawn, as in the analysis o f Large Whites, for the genetic correlation matrix,
ms o| It shows that the first two components were able to group related traits
n this 
g e s  in 
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silarit F ig . 1. Diagram of the vectors of the first two components (I and II) of the genetic
m e n ta l  correlation matrix. (Numbers on the vectors refer to traits listed in Table 1.)
other.
mental into a common quadrant. Thus the measures of fatness all appear in the
i likely first quadrant while directly opposite are two carcass scores, back rasher
:d here score and fat distribution score, which are essentially negative measures of
fatness. The measures o f muscling are more closely grouped here than 
elatioi m the analysis of Large Whites and were again lying at an obtuse angle to,
,nt had rather than directly opposite the measures of fatness, showing that there is
id liif a degree of independence between the two groups of traits. The three skeletal
ysis oi; length measurements lay close together in  the third quadrant while feed
raits it efficiency and two measures o f appetite were in the fourth quadrant. Thus
fatnes the arbitrary classification of the 26 traits into four biological groups (as
)0sitivi in Tables 1 and 2 ) was supported to  some extent by the results o f the principal
oth tin component analysis. But rather than representing four independent groups 
ors f® traits, in which case each group would be identified with a different
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component, the array of traits could be represented by two components, aver. 
This indicates that the relationships among traits in the different groups corre 
were more im portant than their independence. an(j ,
large
d i s c u s s i o n  the t
Perhaps the most interesting finding in this analysis was the evidence an°n
of sex-sire interactions for nine of the 26 traits studied. While these results
await confirmation, it may be useful a t this stage to consider possible causes 
and implications of the interaction effects. The sex chromosome pair is oneof j ven 
the smallest of the 19 chromosome pairs in the pig (McConnell, Fechheinw ^0 
and Gilmore, 1963) so only a small portion of the total genetic 
material is on the sex chromosomes. However, the sex chromosomes do 
affect body form and performance and they may also give rise to variation 
in sex differences between sire progenies. Various tests for sex linkage Tra 
effects have been suggested (e.g. Thomas, Blow, Cockerham and Glazencr, ¡Jgain 
1958; Beilharz, 1963) but the results of these proved inconclusive in the Jefficien( 
present analysis. There are a few other reports in the literature of inter-", 
actions between sex and strains. Shaklee, Knox and M arsden (1951) Bing’ou 
reported variation in sex differences for body weight among several strainsass lengl 
of turkey. Korkm an (1957) was able to select from a common stock offattllic! 
mice one line with a large sex difference in body weight and another lineass conf 
with a small sex difference in body weight. In selection of sires on a progeny fthickne 
test of both sexes, a sex-sire interaction will hinder the rate of genetic change i score 
for it will reduce the effective heritability by a factor ( l + r ) / 2 , where r is muscle a 
the genetic correlation between performance in the two sexes. In a per­
formance test the effective heritability with regard to  improving the whole 
population, might be even less, by the factor (ri +  r 2) / 2  where r\ andrj 
are the genetic correlations between performance of young boars and 
performance of gilts and castrated males respectively.
The genetic parameters estimated in this analysis are in good agreement 
with others reported in the literature from many countries. I t may be useful 
to summarise the various figures reported on heritability and correlation 
among different traits, and, relying on the agreement between different 
analyses, derive pooled estimates that may be more reliable than those 
obtained in any one analysis. The averages of parameter estimates for analy: 
nine traits commonly studied were calculated using estimates drawn where relatic 
available from eight analyses of pig progeny testing data, and these are than e 
given together with their sources in Table 3. The measurements and scores Tt 
representing the different traits were not always identical in the different carcas 
analyses; for example feed efficiency was calculated either on a live-weight analys 
or a dead-weight basis, carcass length was measured to the atlas or to the can bi 
first rib, carcass backfat was taken as the average of different sets of measure- on thi 
ments in different analyses and the scores given for carcass conformation some 
and ham  were allocated in different ways though aimed at similar if not one ti 
identical ideals. These differences in the traits used might be expected to Consii 
lead to less agreement between the estimates of heritability and correlation main; 
in the different analyses. To assess the agreement between the individual Morec 
estimates averaged in each cell of Table 3, the intra-cell correlation wasandm 
calculated for each group of parameters. The intra-cell correlation ot patibil 
heritability estimates was only 0-30 due perhaps to the small range in the daily j
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en,s- average heritabilities for the nine traits. On the other hand, the intra-cell 
ouPs correlations for the phenotypic and genetic correlation groups were 0-82 
and 0-69 respectively. The average genetic correlations were again slightly 
larger than the average phenotypic correlations, but the correlation between 
the two sets (0-96) was very high. This could be taken to indicate that any 
anomalies between the genetic and phenotypic correlations in individual
TABLE 3
Average parameters fo r  9 traits from  8  studies f : heritabilities on the 



















whole t  Fredeen (1953). Canadian Yorkshire, 644 sires.
n(j r, Fredeen and Jonsson (1957). Danish Landrace, 468 sires.
; Johansson and Korkman (1950). Swedish Landrace, 1,693 sires.
5 Jonsson and King (1962). Danish Landrace, 935 sires.
Jonsson (1963). Danish Landrace, 3,000-4,000 sires, 
ement Osterhoff (1956). Swedish Landrace, 640 sires.
usefu| Smith, King and Gilbert (1962). British Large White, 200 sires.
Smith and Ross (here). British Landrace, 250 sires, 
t  Average of only two estimates.
§ Omitting 3 estimates from group fed pigs.




1 2 3 4 5 6 7 8 9
ly gain 1 0-42§ - 0 - 7 3 - 0 - 1 7 0 -07 - 0 - 0 7 0-13 - 0 - 1 3 0-10 - 0 - 0 3
(efficiency 2 - 0 - 7 6 0-48§ - 0 - 0 5 - 0 - 0 4 + 0 - 1 9 - 0 - 1 7 + 0 - 1 6 - 0 - 1 7 - 0 - 1 6
Bing-out % 3 - 0 - 1 9 + 0-01 0-32 - 0 - 1 9 + 0 - 1 9 - 0 - 0 6 Î + 0 - 2 9 + 0-22 + 0 - 1 5
ass length 4 0-14 - 0 - 0 8 - 0 - 4 0 0 -62 - 0-22 + 0 - 3 7 - 0 - 1 4 - 0 - 1 9 - 0 - 0 5
fat thickness 5 —0-15 0-21 0-28 - 0 - 3 0 0-54 - 0 - 3 4 + 0 - 1 3 - 0-12 - 0 - 1 3
ass conformation 6 0-28 - 0 - 3 0 O-OOi 0-46 - 0 - 5 2 0-28 - 0 - 1 7 + 0 - 3 6 J + 0 - 2 4 Î
i thickness 7 - 0 - 0 3 0-10 0-25 - 0 - 1 7 0-22 —0-13J 0-38 + 0 - 0 7 - 0 - 0 7
l score 8 0 -14 - 0 - 2 4 0 -34 - 0 - 2 3 - 0 - 2 6 0 -3 7 f 0-19 0-36 + 0 - 2 7




es for analyses were due to sampling errors in  estimation. Thus the average 
where relationship found in several analyses may be treated with more confidence 
se are than estimates from only one analysis.
scores The high average values for the heritability of backfat thickness and 
ffereiit carcass length in Table 3 are well known and have been reported in many 
weight analyses. Since the genetic and phenotypic correlations are so similar they 
to the can be treated together. There are few high correlations in the table but, 
¡asure- on the other hand all the traits are inter-correlated with one another to 
nation some extent and none can be treated independently. That is, changes in 
if noi one trait will bring an array of small correlated changes in other traits, 
¡ted to Considering the concurrent improvement of the traits studied here, the 
elation main set of relationships are favourable and will augment the selection effect, 
ividual Moreover, when there are incompatibilities they are slight and not binding, 
in wa) and may be overcome, at least initially, in selection. There is some incom- 
ion of patibilityin improving dressing-out percentage on the one hand and increasing 
in the aily gain or carcass length and reducing backfat thickness on the other.
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Another difficulty may be the negative correlation between carcass lengt- 
and ham score. Finally, if increasing belly thickness is important, there is 
small incompatibilities with several other traits.
The agreement among parameter estimates in different analyses t 
reassuring and shows that the distribution of variation in the various test® 
populations is similar and that the analytical procedures are consiste 
and robust in extracting relevant portions of the variation. However, 
must always be borne in mind that the accuracy and value of these pat; 
meters in the prediction of genetic change through selection can only It 
assessed by actual breeding and selection work (e.g. Hetzer, Harvey at; 
Peters, 1963).
How useful has the principal component analysis been in  these studi: 
of the genetic parameters ? As a statistical procedure it has led to a remati 
able condensation of the information in the correlation matrices of ! 
traits, so that a large portion of the information could be expressed by; 
few components and their vectors. In every case the first component coi: 
be clearly identified with measures of fatness on the one hand and »if 
measures of muscling on the other. However, second and subseqœ 
components, derived from the residual correlation matrices at each sta; 
have been more difficult to interpret and seemed sensitive to changes ini 
array of traits and to variations in the relationships among them. 1  
difficulty in interpretation is that if the component is not repeatable orb 
no reasonable biological meaning, it may be unacceptable to the biologi1 
though it may stimulate him to consider the novel association of tri 
presented. Some simplification of the matrices of correlations could b 
obtained by manually grouping traits according to  their relationships it: 
this may facilitate a general description. However, such a grouping woi: 
be arbitrary while the principal analysis provides a unique solution if 
each matrix and gives an estimate of the goodness of fit obtained, 0: 
the other hand, if  a simple m anual grouping of the traits could not b 
achieved then it is unlikely that a principal component analysis would Is 
to a simple solution either. Thus while the latter may provide a usé 
and measurable summarisation of a correlation matrix, by accounting t 
the main relationships among groups of traits, it is an aid to, rather tit 
a substitute for, the thorough examination of the correlation matrix and: 
the array of individual relationships among traits.
SUMMARY
Genetic parameters were estimated among 26 traits in British Landra: 
bacon pigs. The data involved 2,296 pigs from 250 boars tested at theft 
British national pig progeny testing stations from 1959 to 1961 inclusi« 
Separate analyses were performed for each sex and for the litter tots 
adjustments being made to the data for differences among periods wit 
stations and for differences in age at start of test and in weight at slaughtf 
The genetic parameters were estimated from the sire components h 
conventional hierarchical analysis of variance.
Estimates of heritability and genetic and phenotypic correlations ai#: 
the 26 traits are presented and discussed. The param eter estimates $  
in very good agreement with figures obtained in a previous analysis w 
Large White pigs. They indicate that a large part of the variation £
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covariation among the 26 traits is genetic in origin, and the traits involved 
w o u ld  change in response to selection. M oreover, with regard to their 
concurrent improvement there were no serious antagonisms in the genetic 
relationships among the traits studied. There was however, evidence of an 
interaction of sire and sex of progeny for nine of the 26 traits.
A principal component analysis was used in an attem pt to summarise 
the correlations among the 26 traits. The first two components gave a 
reasonable fit to the correlation pattern and these were associated with 
fat depth, measures of muscling and dressing-out percentage.
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A NOTE ON THE HERITA BILITY  OF LEG  WEAKNESS SCORES
IN  PIGS
C h a r l e s  S m i t h  
A.R.C. Animal Breeding Research Organisation, Edinburgh 9
D u r in g  1963, pigs tested at the five pig progeny testing stations in Britain 
were examined and scored by each station manager for leg weakness at the 
end of test. Some 19 individual items were scored, the score being 0 if  
satisfactory, 1 if a mild fault and 2 if a serious fault. In  addition an overall 
legs and action score was given, scoring on a scale from 1 to 6  points; in 
this case the higher the score the better the leg condition. D ata were available 
on 1,240 Landrace and 1,892 Large White pigs (2 females and 2 castrated 
males per litter) from 128 and 202 sires respectively. Sex differences in incid­
ence were small, most of them being less than a tenth o f a standard deviation 
unit, and so the analyses were performed ignoring sex. To avoid any effects 
of differences in incidence and in scoring among stations and to avoid the 
effects of any trends in  the scoring pattern  over the year, the analyses were 
performed within three-monthly periods within stations.
The scoring of the leg weakness faults was necessarily coarse and arbitrary 
and it was appreciated tha t the scale and the incidence of the scores might 
affect the heritability estimates obtained. Several forms of analysis were 
used to tackle the problem from  different aspects. Conventional half-sib 
heritability analyses were done on three scales (I) 0/1/2, (II) (0, l)/2  and (III) 
0/(1, 2), treating the leg scores as ordinary variables. The linear scale for 
the three classes, satisfactory, mild and serious, which would have the 
maximum heritability, was found for each item by a latent root analysis o f 
the matrix P ~ 1G, i.e. the product of the inverse o f the phenotypic variance- 
covariance matrix (P) and the genetic variance-covariance matrix (G) 
(A. F. Purser, personal communication). A nother estimate calculated, 
using scale (III), was the ‘linear’ heritability proposed by Abplanalp (1961). 
Finally, the heritability o f liability to  leg weakness score (Falconer, 1965) 
was estimated on scale (III) from the incidence in half-sibs o f affected animals. 
This estimate is independent of average incidence in the population but 
assumes liability follows a norm al distribution.
The average scores for 13 of the items scored are given in the Table. 
Another seven items with average scores of less than 0 - 1 0  were not analysed. 
The Large White breed scored better for the overall legs and action score than 
the Landrace breed but it was not consistently better on all individual items. 
Several items showed significant differences in average score between the 
breeds and these may reflect breed characteristics in leg weakness.
The half-sib heritability estimates (Aj) were quite similar for all three 
simple scales used. Some increase in the heritability estimates was obtained 
through using the best linear scales, but the average increase was small 
(+0 -07) and came largely from making negative estimates positive. Moreover, 
the linear scales obtained were no t always meaningful biologically for the 
serious faults were often scored less than  the mild faults or even given 
opposite sign. The ‘linear’ heritability estimates (Abplanalp, 1961) were
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TABLE
Averages, standard deviations and heritabilities, hs and hL (with standard 








Scale 0/1/2 0/1/2 0/(1, 2)
Hind legs 



























0 0 3 ± 0 1 1
O-22±013 
—O-O3±0-23







—0 1 6 ± 0 1 6
0-38±0l5 
—0-01 ±0-07






















Over at knee 
Legs turned out 
Legs turned in 
Down at pasterns 
Clays uneven
L 0-23 * 0-42 - 0 0 9 ± 0 1 2 —OT8±0-12
LW 0-32 0-47 0 0 9 ± 0 1 2 OT1±0'21
L 019 0-44 OOOiO-11 0-07 ±024
LW 0-21 0-46 0 0 0 ± 0 1 3 —OT9±0'22
L 0-50* 0-57 - 0 0 3 ± 0 1 2 O-19±015
LW 0-69 0-64 0-22±0-ll —OO2±017
L 0-22* 0-47 0 07±0-09 0-05 ±014
LW 0-07 0-27 0-21±008 O-25±0-15
L 0-29 0-55 —0 1 4 ± 0 T 6 —O-25±017
LW 0-26 0-50 0-05±013 OO6±014
L 0-52 0-56 0-23±013 —0-02±0ll
LW 0-55 0-56 0 1 8 ± 0 1 0 —O-14±011
Scale 1 to 6 1 to 6
Overall legs and L 3-28* 1-05 —0-02±0T4
action score LW 3-43 1-02 - 0 !0 1 0 '12
f  L, Landrace. LW, Large White, 
i  Theoretical estimates.
§ Empirical estimates.
* Significant difference (P =  0-05) between breeds.







± 0 4 5
±0-11
± 0 4 3
± 0 4 3












5 ± 0 4 4  
5 ± 0 4 5
5 ± 0 4 ?  
6 ± 0 4 4
i2±041
4 ± 0 4 1
quite similar to the estimates of heritability of liability (hi), both being 
functions of the proportions affected in the population and among half-sibs 
of affected animals.
The hs estimates on scale (I), and the h \  estimates on scale (III) are given 
with their standard errors in the Table. For the overall legs and action 
score the estimated h \  was low .in both breeds. This suggests that any general 
predisposition to leg weakness is rather weakly inherited. For the 
other 12 items, the AJ estimates on scale (I), and also those on scales (II) 
and (III) tended to be higher than the A£ estimates. The reverse might have 
been expected, for, on an all-or-none scale, such as scale (II) or (III), the 
hi estimate is theoretically a fraction, z2/p ( l—p), of the h i estimate,/) being 
the proportion affected and z the ordinate for/) in the normal curve (Robertson 
and Lerner, 1949). The h i  estimates were not correlated with the mean 
scores while the Ag estimates were. This would be expected over the range 
of p among the scores, given that the h i  estimates were not correlated with 
the mean scores. W ithin each breed the A£ estimates were correlated with 
the hi estimates on scale (I) (r =  0-5), but were even more closely correlated 
(/• =  0-7) when adjustment was made for differences in mean score, the 
adjusted heritability estimate beingp ( l —p)/z2 times the A| estimate on scale 
(II). This shows that the various estimates agreed reasonably well about the 
relative order of the heritability of the various scores within each breed calcu­
lated from the same set of data. However, the agreement between the various 
estimates in the two breeds was very poor, both with and without adjustment 
of the hi estimates for differences in mean score. This result contrasts 
sharply with the good agreement that has been found previously for herit­
ability estimates in the two breeds for a large number of quantitative traits 
(Smith and Ross, 1965). I t may be that the leg weakness scores in fact 
represent rather different traits in the two breeds. Alternatively the herit­
ability estimates found may be merely sampling results, characteristic o f a 
particular set of data. A general conclusion may, however, be safely drawn 
from the estimates, namely that the heritability of these leg weakness scores 
is rather low. Of all the heritability estimates in the Table only eight were 
significantly different (P =  0-05) from  zero, and in  no case was the average 
of the four estimates of heritability for any one item greater than 0-25.
Two other results may be mentioned. M aternal and litter environment 
effects, as assessed from the components in the half-sib analyses, were found 
to be unimportant in affecting the leg weakness scores. The relationship 
of the overall legs and action score and eight economically im portant pro­
duction traits was examined. All the correlations obtained were quite low, 
none being larger than ±0-07.
Leg weakness is an im portant source of loss in practice, especially in 
breeding stock, and further study of its hereditary nature should be worth­
while. It may well be that controlled experiments, using sound and defective 
parents, would be more useful than data analysis in investigating the problem. 
However, the results presented here show that the heritability of leg weakness 
scores is rather low and it would seem that a genetic decrease in the amount 
°f leg weakness in pigs would be slow and difficult to achieve.
A CKN O W LED G EM EN T 
I am grateful to the Pig Industry Development Authority for permission to use these data.
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M a n y  traits in farm animals, such as litter size or fleece weight, are the 
product or ratio of two or more component items. This note seeks to 
determine the circumstances in which selection directed at the component 
items is more effective in improvement than selection for the composite trait 
itself.
A change of one per cent in a product tra it can be achieved by a change 
of one per cent in any of its components. The response expected on selection 
for a product trait or a component is proportional to h2C  per cent, where 
h2 is the heritability and C is the coefficient of variation. Thus selection 
for a component trait (A) may possibly be more efficient than direct selec­
tion for the product trait (X )  when hACA is greater than h \C x . However, 
the correlated changes in other component traits would also have to be 
taken into account.
Rather than select on only one component, ignoring the others, there is 
likely to be an optimum weighting for each component in selection. If  the 
product trait (Y)and components (A, B , . . . )  are transformed to a logarithmic 
scale, the effects of the component traits will be additive rather than multi­
plicative. That is if
X  =  A x  B x  . . .  and Gx  =  GA x G B x  . . .  
then log X  =  log ri +  log B +  . . . and log Gx  — log G^ +  log GB+ . . .
where the G’s refer to the genotypic values for the various traits. A selection 
index can now be derived, using the transform ed variates, so as to give the 
optimum weighting in selection to  the various component items. The various 
phenotypic and genetic param eters would have to  be re-estimated on a log­
arithmic scale. However, functions of the original parameters should be 
satisfactory as a first approximation, taking V  log X  =  C2X and V  log Gx  =  
C\h\. [More accurately V  log X  =  C j( l+ 2 -7 5  C 2 + 9CAX + . . .). The 
term VGlog x  which appears in the heritability of log X, is taken as equal to 
the term V log Gx  which comes into the index calculations.] This procedure 
is the same as partitioning Vx  and VGX into terms in A  and B, and deriving 
the index I  =  B bx (A) + A b2 (B) where G =  B(Ga)+ A (G b), A  and B  are 
the means of the component traits and b \ and b2 are index coefficients.
The relative response to different forms of selection can now be expressed 
and compared for the simple case of a trait (AO the product (A.B) of two 
component traits.
1. Selection of one component (log A) provides a relative response of 
(1+90/).
2. Selection on the unweighted sum of the components (log A  +  log B)— 
corresponding to direct selection for the product trait—gives a relative 
response of (1 + 2 gC H +  C2H 2)lV l+ 2rC + ~C 2.
1 2 7
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3. Selection on an optimum index of the components {bx log A +b2 logj in t 
gives a relative response of bilit
l c A, m  =
correlations respectively.
effic
(1  — r2) inve
corr
where C =  CB/C , H 2  h y h 2A and r and g are the phenotypic and
TABLE 1
... whe: its , 
favo
effec
e f f i c i
1
Efficiency o f  selection fo r  a product trait ( A .B )  on an index ( / )  and oni also 
component (A ) relative to direct selection gain;
c i r c u























10 5 0 100 82 100 42 100 20 100 5 100 8
2 0  100 88 100 61 100 45 100 25 100 J
1 0  100 94 100 79 100 71 100 61 100 Ï
0-5 100 97 100 92 100 89 100 87 100 8
0-2 100 99 100 98 100 98 100 98 100 f,
0-5 5 0  113 112 103 66 102 38 100 5 104 1!
2 0  114 114 106 89 105 75 105 56 104 II
1 0  113 112 106 100 105 94 106 88 109 11
0-5 110 108 103 102 102 99 102 96 100 i
0-2 108 104 101 101 100 100 100 99 103 »
0-2 5 0 177 166 130 117 120 85 111 44 117 111
2 0  166 150 135 133 134 124 136 115 177 10
1 0  151 134 125 124 120 118 118 111 115 »
0-5 137 119 111 111 107 106 104 101 101 E
0-2 126 108 104 104 101 101 100 98 110 )!
0 0 5 0 >200 >200 >200 >200 >200 >200 >200 >200 >200 > »
2 0 >200 >200 >200 >200 >200 >200 >200 >200 >200 HI
1 0 >200 187 163 158 141 141 126 122 107 11
110-5 >200 141 126 122 112 112 103 100 107











2 7 7 0nme't  H  = hylrA> ratio of heritabilities, procec
C=Cb /Ca , ratio of coefficients of variation. each v
om pa  
param i
Algebraically these expressions are rather complex and so the relati'They w
responses were evaluated empirically for a range in values of C, H 2, r anJisekctic
The efficiency of (3) relative to (2) is symmetric for values of C H 2 and 1/Cf The
as would be expected since A  and B  are assigned arbitrarily. Thus in Tablfpoduc
results are shown only for i / 2<  1 so that selection in (1) is for the trait«- ae pa
from  ithe higher heritability, the case of most interest. m
Weighting the components in an index (3) is generally more effic'aria|k 
than direct selection (2) for the product trait itself. However, the f  §ari« 
may only be worthwhile when the component traits differ markedly in ̂  stan 
heritability, that is when the ratio H 2 is less than 0-5 or greater than tfte atlve
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In these cases, however, selecting on the component with the higher herita- 
bility may be almost as efficient as selecting on the index. The gains in 
efficiency tend to be larger when the ratio of the coefficients of variation is 
inverse to the ratio of heritabilities. When the component traits are strongly 
correlated the gains through the index tend to be greater, rather more so 
when the traits are positively correlated than when they are negatively (un­
favourably) correlated. This was an unexpected but consistent result. The 
effects of differences in the genetic and phenotypic correlations on the relative 
efficiencies were often substantial but showed no consistent pattern.
The rate of improvement in traits with three or more components would 
md on 8 also be increased by applying the selection index method. However, the 
gains in efficiency may be expected to be less than shown here since the 
circumstances giving worthwhile gains are less likely to occur if several traits 
are involved.
TABLE 2







Surface Wrinkling Fibres per Fibre Fibre
area score unit area area length
■S R N A L
0 07 0 07 0-20 016 011
0-40 0-35 0-50 0-35 0-45
- 0  1 -0 -1 01 0 1
0 01 - 0  2
- 0  6 0
00 |  Coefficient of
00 ” variation (C ) 0  14
04 j| Heritability Qfi) 0-50
04 I . s  
j  Correlations R
00 !i 'r=̂  N
03 Si A  0
17 lit
77 it- The improvement of a linear function involving product traits can also be
01 8 ![eat̂  \n a ^milar fashion. For example, if Y  =  A B +  C and Gr  =  a fG AB)
10
too
)! +fl2(Gc), where a\ and a 2 are the respective economic weights, Gy can be 
■S rXf a- ^ ’nto^ a i ( ^ )  +  / ia i(CR) +  ii!2(G:c)- The selection index then becomes, 
>00 1« ~ B°lM)+Ab'2{B) + b'.i (C), and the coefficients can be found in the usual
07 ii manner.
07 ■ In practice the advantage from selecting on components may be less than
3 ‘ estlmated. The gains in efficiency will have to  offset the extra effort spent
on measuring several components rather than only the trait itself. The index 
proce ure maximises the response for a given set o f parameter estimates, 
eac with sampling errors. Thus it may well overestimate the true response 
ompared with the estimates from direct selection which rely on fewer 
parameters without maximisation. If  the traits are normally distributed 
the re* ey Wl be somewhat skewed on a logarithmic scale and this may affect the 
? 2  r and«:ction differentials.
a-nĈ Drod x™Provernent ° f  fleece weight, a tra it that can be represented as the 
’ -The UC ° ^V£ comPorient traits (Turner, 1958), is considered as an example.
2 tfalt" froJ5arameters available (Table 2) are rather tentative being the averages 
« «variat ânou®.r e P ° r t s .  Several of the traits have rather high coefficients of 
>re o-Ioaarith11 ma^ afTeet the approximation of their variances on the 
’ !d(Tsta Dealing with heritabilities and correlations is equivalent
:(f l f 111 ::tdativn arais'ng the variables. On a standardised logarithmic scale the 
r than e va ues of changes in the component traits are proportional to the
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coefficients of variation. These values then correspond to  the econ« 
weights in conventional selection indices.
The selection index for the component traits, each on a standard̂  
logarithmic scale, is 2-8S+2-5JR +  9-8Ar+ 6-4T + 4-9L  the coefficients 
proportional to Ch2 as expected. The expected response in fleece 
through the index is only about two per cent greater than with die 
selection. Selection on one component would be less efficient than die 
selection, for example by using (TV) alone the efficiency is only 60%. It 
selection on one component or on a weighted combination of compos, 
traits would not appear to be worthwhile in the improvement of fleece weî
In general it has been shown that selection directed at the componei, 
a product trait may well increase the rate of genetic improvement. How;: 
the procedure may only be worthwhile in special situations, such as »1 
there are marked differences in the heritability and in the variation ofi 
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C ha rles Sm ith  
A.R.C. Animal Breeding Research Organisation, Edinburgh 9
In the past little use has been made of individual genetic loci in the improve­
ment of metric traits in farm livestock. Early workers in animal breeding had 
found that most metric traits were not inherited in a simple Mendelian 
manner, and had sought other m ethods of improvement. M ore recently 
evidence has been presented (e.g. Briles, 1961; Ashton, 1960) that certain 
identified loci may affect metric traits in farm animals and interest in indivi­
dual loci has been revived. M uch current research effort in animal genetics 
is being spent in detecting simple Mendelian loci, especially blood group 
factors and serum protein polymorphisms. Two uses of this research will be 
to provide an efficient means o f parentage testing and to study the dynamics 
of many simple genetic systems in farm animal populations. Of more im­
mediate interest to animal breeders are the effects that individual loci may 
have on metric traits, and the possibility tha t selection through ‘known’ loci 
may prove an efficient means of genetic improvement. (The term ‘known’ 
loci refers to any identified loci for which individuals can be typed.)
Additive genetic variance
The usefulness of known loci in selection will depend on the am ount and 
on the accuracy of the inform ation they provide about an animal’s breeding 
value for the metric tra it concerned. These can be expressed in the context 
1 of quantitative genetics and the factors determining their usefulness may be 
determined.
A formal description of phenotypic effects, breeding values and variances 
| at a locus is necessary. This is given in Table 1, following Falconer (1960), 
for the case of two alleles assuming random  mating.
TABLE 1
Breeding values and variances at one locus (assuming random mating)
Class Variance
Genotype A \A \ A \A 2 A2A2
Frequency P2 2pq q2
Average merit'! a d —a
Genotypic value:! (a—m) (d —m ) —(a+ m ) 2pqa.2 +  (2pqd)2
Breeding value 2q<x (q—p)oi —2pa. 2pqa2
Class A i - A 2A 2
Class frequency p ' q'
Average merit D 0
Genotypic value (D —m) —m D2p'q'
Breeding value§ 2q2a.l(l + q) —2pa. 4pq2a.2l( l+ q )
t Expressed as deviations from the mean of the homozygous groups.
Ï « = a+d(q—p), m = overall mean.
§ Estimable only if a and d are known.
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The breeding value of each phenotypic class is twice the deviation of its 
expected progeny mean from the mean of progeny of all classes (Table 1), 





(2 )  a  
t w o  1
c r o s s
individual is simply the sum of the breeding values at these loci. The variance an(j ,
b e fo r  
b e c o i 
s u m  i 
cro ssi
in breeding value (Table 1) is also the additive genetic variance in the trait at 
tha t locus.
In  practice the parameters, shown in Table 1, are not known but m u stk  
estimated from performance data on the average m erit o f each phenotype.
The estimates of breeding value are unbiased but are subject to sample 
errors. This causes the variance in breeding value to overestimate the additive jocj ¡j 
genetic variance available for selection. The bias is removed by subtract! 
the term 2pq F(a), where V(a)—the variance of the estimate of (a) (Table 1)- ReSpC 
is a2l2pqN, (N) being the number of animals tested and (a2) the variance oftfe 
tra it involved. The unbiased estimate of the additive genetic variance avail 
able for selection is thus 2pqa.2 — o2IN. For (m) independent known lociti 
becomes ^2p,nqmu2 — mcr2IN, the sum of their individual contributions. 1  
ratio of this quantity to  the total additive genetic variance (FG) for the trar 
is given the symbol (R ). This ratio (R ) is used throughout the rest ofih 
paper as measure of the value o f known loci in selection and improvement
The estimates o f (R ), obtained in practice from sets o f data, will hat 
sampling errors. The variance of (R ) can be shown, following Neimai 






Later it is shown how this variance is relevant in assessing the value of knot! 
loci in improvement.
M ore complex forms o f phenotype arrays can now be considered. Wte, 
only two phenotypic classes are detected at a locus (Table 1), the additfc 1 
genetic variance controlled is less by the factor 2 #/(l +  q) than  if the tins ( 
genotypes were each identified. M any of the loci that have been detectedir  ̂
farm animals have multiple alleles. The greatest ultim ate improvenffi 
through these loci will come, if the effects are additive, from fixing the allé ( 
with the largest effect (overdominant effects are considered later). Increasif (( 
the frequency of other favourable alleles in the interim  may increase! 
immediate rate of improvement, but at the expense of later improve* rau]tipij, 
because more selection effort will then have to be spent in eliminating tte »tested: 
other alleles. Thus, for improvement o f a trait, multiple alleles can h °f the s< 
conveniently grouped into two classes: ( 1) the allele (or alleles) with! 
largest effect and (2) the others. This makes the case for multiple alleles! 
same as that for two alleles (Table 1). Linkage between loci has no effect k 
the additive genetic variance when the loci are in linkage equilibric pro 
(Cockerham, 1956). depend
Overdominant loci (d > a) contribute to the additive genetic varia® genetic 
(Table 1) until they reach equilibrium frequency. The full response front trait ct 
overdominant locus can only be got by developing two separate breeding!® appears 
(say 1 and 2 ), each homozygous for a different allele (for multiple alleles tü respons 
the two alleles giving the best heterozygote). On crossing the lines, all® heritabi 
progeny are then heterozygous at the locus. The estimated breeding vain®1 Tbe 
the three genotypes in line ( 1), measured on their crossline progeny withk bon inte
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n Of its (2) are Iqfii, (q i~P i)&2 and -2pi& z, where the subscripts now refer to the 
ible 1), two lines. The variance in estimated breeding value in line (1), measured on 
aeofan crossline progeny, is 2piqi&l and this includes variation from both additive 
ariance amj overdominant loci. Adding over (m) loci and adjusting for the bias as 
trait at before, the additive genetic variance available for selection at these loci then 
becomes l2pimqim&lm- m o 2IN, and similarly for line (2). The ratio of the 
must I* sum 0f these two quantities to  twice the total additive genetic variance for 
crossline performance ( VGc) is again designated (R). Thus, selection at 
irnP% overdominant loci can be treated in the same way as selection at additive 
additive jocj ¡n a single line, 
tractinj
ble 1)- Response to selection
ceoftfe -phe genetic response expected on selection is o f the form
ce avail
loci thii icbopop,
rtS' where (i) is the selection differential in standard deviation units, (c) is the 
t*ie tr!! reciprocal of the average generation interval and (bop) is the regression of 
breeding value (G) for the trait concerned on (P ) the criterion used for 
vemeEt selection. Responses expected for several possible methods of selection are 
vill m  summarjsec[ by the formulae given in Table 2. The efficiency of the various 
fern* methods of selection can be compared conveniently on this basis.
TABLE 2
Responses expected to different methods o f  selection
afknol Method of selection Expected genetic response
{h2a units per period)
(1) On individual performance (mass selection) ijc it
j, wn?. ___
! addfc ®  0n known genetic loci i%C2\/R !h2%
the thlit (3) On a selection index of (2) and (1) »Tci(l +  LR//i2)§
stectedl ^  two_stage selection, first on (2) then on (1) ¡hciCl +  OV'TK/RM2)
rovemet
the a ! (5) By indirect selection on relatives iscsr/w
ncreasil: (6) On a selection index of (2) and (5) (iscsrlw)(l + i(i?//i2)(H’2/r2))§
, j . g £ s e
,, f t—selection differential, c—reciprocal of the generation interval. For family selection
>ro\e - multiply by (l+(n—l)r)lnw, where w2 equals (1 +  («—l)i)/w, the variance of the mean of 
tingtw «tested relatives; /is the correlation among tested relatives and r is the genetic relationship 
;s can Is oE She selected individual with its tested relatives, 
with ft  ̂-R—the proportion of the additive genetic variance controlled by known loci.
alleles It Approximately.
o effect c:
juilih® From Table 2  it is apparent that the value o f known loci in selection
depends on the ratio R/h2, that is on the proportion o f the total additive 
a variat-- genetic variance controlled by known loci relative to the heritability o f the 
; e froiti- trait concerned (Neimann-Sorensen and Robertson, 1961). This ratio 
eding I- appears in all the formulae where known loci are concerned and the expected 
alleles la responses increase when the ratio increases, that is when (R) rises or the 
les, all# hentability falls.
g  values The responses are also affected by the selection intensity (i) and the genera-
y with«- :|on interval (1/c) which apply to the different forms o f selection. In general,
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selection on known loci can be made earlier and more intensely than indivi­
dual or index selection, which in turn  will tend to be more intense and atar r — 
earlier stage than indirect selection on relatives. These factors must be take: \
into account in comparing different selection methods.
The response to selection on known loci, relative to that by mass selection 
is k \ /R /h 2, where (/c) represents the term  in (f) and (c) (here k  =
The relative efficiency, shown graphically in Figure 1, rises as (R) increase 
but only exceeds unity when (R ) is greater than h2lk 2. For a given valuec 
(R ) the response from known loci will be greater as (k) rises and (hi) fa! 
However, in the latter case, selection efficiency can be improved by a® 
family selection, thus raising the effective heritability o f the trait.
Rather than being considered as alternatives in  selection, performanc; 
data and information on known loci may be combined usefully in a select! 
index (Neimann-Sorensen and Robertson, 1961). The gains in  efficiency ok; 
individual selection are then proportional to R/h2 and are also shown a 
Figure 1. A t high heritabilities, even if half of the additive genetic variant 
is due to  known loci (R  =  J), the efficiency of selection can be raised by oil 
20-30 %. For traits with low heritability, however, useful gains in effictt 
can be obtained. For example, when (R) equals h2, gains in response of#
50 % would be obtained through a selection index.
Selection in two stages, first on known loci and then on performances! 
be more effective than index selection when
n
\
( 2 i jh ) 2 > R/h2
This is quite possible if (R ) is small relative to (h2), or if the initial selection; 
much more intense than the final selection. Thus, this m ethod may be si 
able for using loci which affect traits with high heritability and where there; 
scope for intense early selection.
In the improvement of many economic traits in  farm animals, such s 
sex-limited or carcass traits, indirect selection on sibs’ or progeny performa® 
must be used. Since the inform ation on known loci can be obtained fori 
breeding animals, it is likely to  be more useful in this case. The efficiency« 
selection on known loci relative to indirect selection can also be gauged fro: 
Figure 1, using (k'w /r)2R  as the scale for the abscissa. Both (w/r) (see Table! 
and (k'), the term in i  and c, are likely to be larger than  unity so the gain« 
efficiency will be greater than  with direct selection for a given value of (i 
Similarly, in a selection index, inform ation on known loci will add («)! 
times the gain in improvement expected through an index for direct selectior 
Inform ation on known loci may also be more useful in traits show! 
overdominance. Selection on crossline performance requires a progeny!« 
whereas information on known loci is available for the breeding animals as 
no cross testing is necessary. The gains here from known loci will thus be! 
same as for indirect selection.
On occasion two lines may be developed merely to exploit a few oiff 
dom inant loci with large effects. In  this case direct selection for performa® 
may still be possible within lines and any gain in efficiency through kno"; 
loci may then be less than if indirect selection was used.
Use o f  individual loci 0
A simple way to use a locus in improvement is to  make the popular « 
homozygous for the best allele. This will take only one or two generation
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o f  selection except when the initial frequency o f the allele is low and \% 
selection is mild. However, it turns out that the response from fixing tl- 
better allele at a locus is normally less than the response from selecting on a! 
available information.
In two situations it may be worthwhile to make an abrupt change in 4 
gene frequency at a locus so as to increase the genetic variance available io; 
selection. One is to  increase the frequency of a favourable but uncommos 
allele, and the other is to shift the alleles at an overdominant locus from 
equilibrium in different directions in the two lines. Such loci can then h 
exploited sooner than would otherwise be possible if the additive geneli; 
variance they currently controlled were used as a guide to their immediat: 
value in selection.
DISCUSSION
It has been shown tha t inform ation on known loci is likely to be of mos 
value in improvement when normal selection methods are not very effecfe 
such as when the heritability is low or when indirect selection on relativesb 
necessary. Some advantage may also be gained if a m ore intense or ai 
earlier selection is possible by using known loci. Normally, however, if 4 
proportion (R ) o f the additive genetic variance controlled by known locii 
not large relative to  the heritability (A2), the inform ation on known loci ml 
be used most efficiently if combined with performance records, as in a select! 
index, and the gains in response can be easily determined.
Examples illustrating these points are given in Table 3 for the improK- 
ment of three economic traits in pigs. They involve direct or indiffl! 
selection and different levels of heritability. Values of (R ) required to provii: 
a 25 % increase in the rate of improvement for these traits have been estimated.
TABLE 3
Responses to selection, and the proportion (R) o f the total additive geneli 






Heritability 0-4 0-4 0-1
Method of selection direct indirect indirect
Selection on individual mean of three mean of dam':
performance litter matesf two littersf
Relationship (/•) 1 0-5 0-5
Standard error of test mean (w) 1 0-73 0-76
Generation interval (years) 1 1 1
Selection differentialf 1-7 1-3 1-7
Response per year (in standard 0-68 0-38 0-13
deviation units)
(Proportion (R) giving a 25 % gain in responsi)
Selection on known loci (2)§ 0-62 0-17 0-07
Index selection (3) or (6) 0-20 0-09 0 02
Two stage selection (4) 0-40 0-03 0-05
t  Eye muscle area—half of litter tested (2 cJ> 1 9), half for selection (1 c?> 2 ?)■ I'® 
size—2 litter records per dam, progeny selected from 1st litter. .
} One boar per 10 sows: Select ¡J —1/30, $ — 1/3. For eye muscle area, select 
9 -1 /2 .
§ Numbers refer to methods of selection listed in Table 2.
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d whe- The results follow the patterns described above. A certain gain in res­
ing |  ponse can be got with progressively smaller values of (R ) by using a selection
g onai index, as indirect selection becomes necessary and as the heritability falls. It
is apparent that even small values of (R ) could provide worthwhile gains in 
: in Ik improvement in certain practical situations.
iblefot In recommending a m ethod o f selection in practice the variance of the
)mmoi response predicted should be taken into account (e.g. Searle, 1966). For
isfroi selection on known loci this variance will depend on the variance of (A), 
;hen k shown earlier to be
geneli; _2 _
nediaie Nh2
If the number (m) of loci used is not large, (R ) will be proportional to its 
variance so that Nh2 must be large to estimate (R ) accurately. The responses 
3fmo(1 to selection depend on the ratio Rjh2 and so errors in  (R ) will be more impor-
¡jgC1j, ' tant if the heritability is low. This is unfortunate because it is for traits with
itives*ow heritability that inform ation on known loci is most likely to be useful. 
. o r Errors in estimating (f?) will cause the selection effort to be misdirected, by 
. ¡f ||, giving undue weight in selection to  the inform ation from known loci. When
j oc;.i the estimate of the effect o f the locus is very inaccurate, less progress could be
o c j 1(i made than if the locus were not considered. Thus (R ) has to be well estimated
.]ect|,i before it can be used with confidence in form ulating breeding plans in practice.
How large a sample of animals should be tested to provide a reliable 
estimate of (R ). Using the criterion that the value of (R ) should be more than 
ndiret twice its standard error, (A) equal to 8(1 - \- \/l+ m /S )/R h 2 animals, or
irovii: approximately 20¡Rh2, would be required. When either of the proportions
imatei (k) or (h2) is small, large samples of animals will have to be tested.
Many other factors may affect the usefulness of known loci in selection. 
For example, account should be taken of the cost of typing individuals for 
the useful loci relative to  the cost of measuring individual or progeny per- 
. . formance. Normally in farm livestock, several traits will combine to deter­
mine the overall performance or economic merit of an individual or breeding 
er group. Thus, it is the net effect o f known loci on overall performance, rather
than their effects on one trait, tha t will determine their usefulness. It is 
possible that specific loci may not have similar effects in all lines or breeds, 
to- °r 'n environmental situations. This would limit the value of such loci in
tersf §eneral improvement schemes, though they may still be useful in specific
situations.
5 At present, most loci are found through their serological and biochemical
properties and only afterwards are their effects on economic traits examined. 
Thus, any associations found will be by chance rather than design. This 
process of apparent random  detection is unsatisfactory for, even if there are 
nse) 'oc' large effects, there is only a low probability of finding them among
7 the large number of loci which are segregating (an exception is for segregating
2 (overdominant?) loci in highly inbred lines). Thus, it may be expected, a
5 priori, that any loci found by current procedures will account for only a small
proportion of the total additive genetic variance in a trait. Any exception to 
' ^ 's ruk  will be a fortunate but infrequent event. Moreover, if the informa-
i-ljlt tlon 011 known loci is reliable, selection through them will be accurate, and
so the duration of the response may thus be rather short—unless there 
15 a continuous detection o f further new loci with useful effects. These
2 R + ~  
Nh2
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factors suggest that the role o f known loci in animal improvement will |j 
opportunistic rather than routine and continuous.
Recently, loci having large effects on quantitative traits were found k 
using backcrossing schemes in lines already differentiated by trait select* 
(Spickett and Thoday, 1965; W ehrhahn and Allard, 1965). Finding useful 
loci in retrospect may be of little value in improvement, but these studies 
suggest that other metric traits may also be controlled by a few major loci 
This would affect the design of breeding plans and the prediction of response 
to  selection (Latter, 1965) and may stimulate a search in farm animals forn« 
loci with large effects.
A large number of loci are now known in farm  animals but how useful 
are they likely to be in livestock improvement? Mitscherlich (1965) cite 
some 57 known factors (about 12 loci) in chickens, 8 8  (21 loci) in cattle, 31 
(12 loci) in sheep and 57 (20 loci) in pigs, these being mostly blood group 
antigens and polymorphisms o f blood and body fluids. Associations of man; 
o f  these factors with various economic traits have been reported and a s* 
m ary of those with the larger effects is given in Table 4 for these four species
TABLE 4






Trait Locus Effect of trait animals Rematfc
Chicken
Livability (1) B. f  (Heterozygotes + 6%  
< versus
— 7,700 Several reports ç 
on overdomk
Egg production (1) (_ homozygotes) +  4% — 1,400 effects atBte
Hatchability (2) B. +  25% — 4,000
Cattle
Butterfat% (3) B. (BChFiZ)') 0-064% 0-3% 1,409 Confirmed in tv: 
further reports
Milk yield (4) M -3 2 2  kg. 850 kg. 242 Further reports 
conflicting
Milk yield (5) Tf (AA-DD ) —26 gals. 180 gals. 141 Not confirmed i: 
further reports
Fertility (6) Tf (Homozygotes 
versus 
Heterozygotes)
+  7% 780 Further reports 
conflicting
Sheep




Carcass length (8) 111 +  1-8 cm. 2-5 cm. 684 (Not confirms: 
further repot
Daily gain (8) Max. +  30 g. 60 g. 684 (1,122 comp*
made)
(1) Briles and Allen (1961). Within 7 inbred lines.
(2) Morton et al. (1965). Within a closed commercial strain.
(3) Neimann-Sarensen and Robertson (1961). Within Red Dane bull progeny groups.
(4) Mitscherlich et al. (1961). Within East Friesian bull progeny groups.
(5) Ashton (1960). Among progeny groups of British A.I. bulls.
(6) Ashton (1961). Among cows of the Jersey and of the Shorthorn breeds.
(7) Stanfield et at. (1964). Within several breed groups.
(8) Baltzer (1963). Among pigs of the improved German Landrace breed.
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There have been several reports showing overdominant effects for fitness 
traits at the B locus in chickens. These effects may be useful in practice, since 
fitness traits tend to have low heritabilities and often are sex-limited. For 
most of the other loci, the effects cited in Table 4 are either unconfirmed or 
further studies have produced conflicting reports. Thus, from the array of 
loci known at present in farm animals, none could be used with confidence in 
livestock improvement schemes.
SUM MARY
Known genetic loci tha t affect metric traits may be useful in livestock 
improvement. Their value depends on the proportion  (R) o f the total 
additive genetic variation due to  the known loci relative to the heritability 
of the trait concerned and on the form  o f selection practised. W hen normal 
selection is effective, further inform ation on known loci can add only a little 
to the rate of improvement. But if  norm al selection is not very effective, as 
for characters of low heritability, or if indirect selection on relatives must be 
used (as for sex-limited or carcass traits) then known loci may add signifi­
cantly to the rate of improvement possible.
Sampling errors in the estimated effects and in the proportion (R) may 
cause selection effort to be misdirected and may even lead to losses rather 
than gains in improvement. Such errors are most likely to occur when the 
heritability of the character is low.
Reports on several loci with large effects in the various farm species have 
been summarised, but the evidence is often inconsistent and contradictory. 
At present, there appear to be no loci that could be used with confidence in the 
improvement of economic traits in farm animals.
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H E R D  D IF F E R E N C E S  A N D  G E N E T IC  T R E N D S  
I N  IO W A  P IG S  1
D. E. Cox a n d  C. S m i t h  
Iowa State University, Ames
1 INCE the advent of the central swine test- 
teract!«5 ing stations in Iowa, there have been sub- 
Bio itantial improvements in the performance of 
GentZp measured in the testing stations. This is 
iften taken as evidence on the effectiveness of 
■e eieeiije testing scheme and is assumed to be due to 
iwtoiienetic changes in the breeds. More critical 
Indies on these points are needed. Unfortu- 
lately, the data from the testing stations are 
iot suited for a definitive analysis on these 
topics because genetic and environmental dif­
ferences between herds and years are con- 
with differences among sire progeny
groups.
This report concerns three studies of genetic 
changes and differences among Iowa pigs. 
The first study was to assess the importance 
oi genetic differences between herds, and the 
second was to measure the genetic trend in 
performance by using records on progeny 
from sows of different ages. The data in these 
studies were collected in an experimental herd, 
the boars used in the herd being purchased 
from breeders involved in the testing program. 
The third study was to evaluate the policies 
used in selecting boars for breeding in pure­
bred herds. The data were collected from a 
questionnaire sent to breeders who had sub­
mitted animals to the testing stations.
M aterial
Data for the first two studies came from a 
herd used to study the genetic effects of pater­
nal irradiation in pigs. The effects of irradia­
tion on the traits considered here were negligi­
ble and will be ignored in this paper although 
the design used to measure the effects will be 
utilized. The design of the experiment has 
been described previously (Willham and Cox, 
1962) and only relevant details will be re­
peated here. The herd was formed in 19S9 by 
Purchasing pairs of full brothers and pairs of 
ujl sisters from purebred Duroc and Hamp­
shire herds in Iowa. Sows farrowed twice per 
•'eaD 'n spring and fall, within two restricted 
'"’k. periods. All matings were purebred. Each 
jj^wasborn and raised in one pen, the male
HoJpUFrnl P ,|lcr,T :0 . J —5782 o f  th e  Io w a  A g r ic u ltu ra l anti 
This wnri? ,om ics E xperim ent S ta t io n , A m e s . P ro jec t N o . 1 4 2 4 . 
*ilh thp it c Areceivecl a ssista n c e  from  C o n tr a c t  A T ( l l - l ) - 7 0 7
line U.S. Atomic E n erg y  C o m m issio n .
pigs being castrated before they were 3 -wk. 
old.
Every 6 -mo. a new set of males, 15 pairs of 
full brothers per breed, was purchased to sire 
the pigs in one period. The breeders contacted 
for boars were individuals submitting test 
groups to the swine testing station at Ames. 
Boars were purchased 011 the basis of competi­
tive bids without reference to herd or individ­
ual performance records. The procedure pro­
vided a wide sample of breeders who used the 
testing station. Often two pairs of boars were 
purchased from one breeder if the pairs were 
not by the same sire. This allowed a partition 
of the variance into herd and sire components 
to evaluate the importance of genetic herd dif­
ferences.
Replacement females were taken from litters 
born in the herd by dams in their first or sec­
ond parity. All females were retained for two 
litters and then, to maintain herd size, were 
culled at random irrespective of their reproduc­
tive status. Thus, an array of unselected sows 
of different ages, or parity, was available in 
each period as shown in table 1. The rows 
represent the number of litters produced by 
dams born in any period, and the columns 
show the number of litters born in any period.
This array made an estimate of the genetic 
trends in the breeds possible.
Two traits were considered in these studies. 
One was liveweight gain from 98- to 154-davs 
of age, adjustments (table 2) being made for 
sex, litter size and weaning weight. The adjust­
ments were derived from a least-squares analy­
sis which included the age of the dam in the 
model. The adjustments were, therefore, in­
dependent of the age of the dam and of the 
genetic trends with which age of the dam is 
confounded. The other trait studied was aver­
age backfat probe, taken on the live animal 
at 154 days of age and adjusted for 154-day 
weight by the regression of the average probe 
on 154-day weight within breed, litter and sex 
(table 2 ).
The data for the third study were obtained 
from a questionaire sent to breeders asking 
what criteria they used in their choice of boars 
for breeding. The questionaire (Appendix) 
was sent in May, 1967, to 138 pedigree breed­
ers who were currently testing groups in the
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TABLE 1. ARRAY OF LITTERS BY PERIOD OF FARROWING AND 

















1960 1 132 77 64 50 42 33 25 22 22 14 12 8
2 141 118 52 49 40 28 27 19 14 9 5
1961 3 60 39 36 32 35 22 20 10 11 7
4 92 84 38 39 32 22 14 13 12
1962 5 ... 52 42 28 27 19 .11 13 11
6 ... ... •• 68 62 37 22 11 11 10
1963 7 ... 83 68 24 14 12 10
8 57 37 17 15 15
1964 9 ... 90 68 61 42
10 25 23 0
1965 11 86 62
12 47
testing station or who had tested recently. 
Seven breeds were represented. Questions were 
posed about the age, origin and reasons for 
choice of the boar being tested and of the 
youngest boar in the herd. The manager of 
the testing station designated one-third of the 
breeders as prominent in their breed. Seventy- 
one breeders (51%) answered the questionaire.
M ethods and  R esu lts
Herd Differences. The purchase of two un­
related pairs of boars from each of several 
herds in the same season allowed an estimate 
of the importance of genetic herd differences. 
Arrested analysis (table 3) was made of the 
adjusted records on individual pigs, arranged
within periods and within sire-treatment 
groups (irradiated vs. non-irradiated). The 
treatment classification blocked the data into 
groups of unrelated males mated to unrelated 
females since the members of a pair of full 
brothers were always assigned to opposite 
treatment groups. Grouping the data by period 
removed the effects of anjr genetic trends. 
M any herds were sampled in several different 
seasons so that the degrees of freedom for 
herds were much larger than the total number 
(84) of herds involved. This introduces no 
bias in the estimates of the herd components, 
but would exaggerate their precision.
Differences due to herd of sire must be 
genetic since the progeny were raised con-
TABLE 2. AVERAGES FOR LIVE WEIGHT GAIN AND BACKFAT PROBE WITH LEAST 
SQUARES CONSTANTS AND REGRESSIONS USED IN ADJUSTING THE DATA
Item
Liveweight gain from  
98 to 1S4 days (k g .)  
Repression of gain on 
litter size (k g ./p ig ) 
KeRression of gain on 
42-day wt. (k g ./k g .)  
t® constants for 
Rain (kg.)
Av. 154-day w t. (kg .)
Av.backfat probe (m m .)  
degression of p robe  on





47.2 43.0 41.9 38.0
—0.18 —0.18 —0.13 —0.13
0.94 0.94 0.94 0.94
2.08 —2.08 1.96 — 1.96
87.2 82.0 79.0 74.4
34.9 29.9 27.2 24.3
0.398 0.378 0.318 0.308
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oraneously on the same farm and came 
L i a random mating with a large group of 
mvs The component of variance for herds 
n the nested analysis includes any herd by 
ieri0(i interactions, that is, fluctuations in the 
ierd rankings over time. The percentage of 
ariation due to herd differences was very 
mall for both traits in both breds ( table 3). 
"hus no evidence was found for important 
■enetic differences in growth or fatness among 
lerds.
The heritability estimates based on the 
ariance components for sires within herds for 
lie gain from 98 to 154 days and for backfat 
,robe were about 15% and 40%, respectively, 
nd similar to estimates in other reports (e.g., 
;raft 1958). On the other hand, analyses of 
¡re families in data from the testing stations,
Genetic differences between dams of different 
ages, therefore, would indicate genetic changes 
in the breed. In any period all dams were 
mated a t random to a group of sires recently 
acquired from the breed. Thus, the regression 
of progeny performance on the age of the 
dam within a farrowing period measures ap­
proximately one-half of the average genetic 
trend in the breed. A negative regression, oc­
curring if the progeny of older dams had lower 
values than the progeny of younger dams, 
would indicate a positive trend in the breed. 
A positive regression would indicate a negative 
trend in the breed.
Any effect of age, or parity, of dam is con­
founded with the estimate of genetic trend. 
As described in the Materials section, adjust­
ments were made to gain and to backfat probe.
'ABLE 3. ANALYSIS OF GAIN AND OF ADJUSTED BACKFAT PROBE WITHIN GROUPS OF 
SIRES TREATED ALIKE AND BORN IN THE SAME SEASON
Coefficients in 
expected mean squares




component %Source d.f. cr‘e+ tf“i.+ ^ + rr2,! %
tiroc
Herds 157 1.0 7.8 34.9 47.5 0.08±0.98* 0.1 0.002 ±0.006 0.7
Sires/herds 83 1.0 7.7 28.5 1.94 3.1 0.028 10.0
Dams/sires 983 1.0 6.8 17.89 28.7 0.062 22.1





h2= .4 1 ± .1 2
ampshire
Herds 159 1.0 7.3 34.0 46.6 —0 .15±0.87 0.000±0.004 0.0
Sires/herds 80 1.0 7.3 30.4 46.6 2.19 4.5 0.015 9.3








h2= .3 8 ± . l l
* Approximate s ta n d a r d  e r ro r .
Heritabiiity 0P)=4<r*»/(<r*t‘‘+**u+eH).
litre family differences were largely con- 
undedwith herd differences, have shown very 
estimates of heritability (Sutherland, 
'58). This suggests that herd effects are not 
jail, and now with little evidence of genetic 
iterances between herds, it would seem that 
t nerd influence on testing station results 
nrgely environmental. This could be due to 
etest effects and to methods of managing 
n selecting pigs entering the test. 
cnetic Trends. The phenotypic trends 
dire 1) for gain and for backfat probe were 
mrable and consistent in boars tested a t the 
,lnS stations. Little trend was found for 
er trait measured in the experimental herd, 
ams born in different periods were off- 
of successive groups of sires purchased 
®o. intervals from perigree breeders.
These adjustments should remove some of the 
main effects of the dam’s age on the gain and 
fatness of her progeny, although other effects 
may still remain confounded with the esti­
mates of genetic trend. Furthermore, adjust­
ment for litter size and weaning weight assumes 
that there was no genetic trend in these traits. 
If  these traits did change with time and were 
correlated with gain and fatness, the adjust­
ments would remove a portion of the trend in 
the later traits.
The regressions within periods of the ad­
justed litter means on the age of the dam, 
measured to the nearest half-year, were calcu­
lated and then pooled, weighting by the recip­
rocal of their variance. The estimates of the 
average genetic trend based on the regressions 
are given in table 4. The estimates of genetic
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Figure 1. Tim e trends in yearly averages of gain and backfat for the Iowa 
Swine T esting  S tation  and the experim ental herd. T esting  station averages 
are for boars, experim ental herd  averages are for barrow s and gilts.
change in gain from 98 to 154 days differ in 
the two breeds, their average trend being small. 
The estimate of genetic trend in backfat probe 
was positive in both breeds, younger dams hav­
ing fatter progeny than older dams. All fat 
measures were adjusted for 154-day weight. 
The estimate of the average change was 
+0-35+0.10 mm. per year, about one-tenth 
°f the standard deviation. The phenotypic 
trend in backfat probe of the boars measured 
at the testing station was about — 1 .0  mm. per 
year.
Choice of Boars. Over half the breeders
replied to the questionnaire. Their replies pro­
vide a guide to their reasons for the choice of 
boars for breeding and are summarized in 
table 5. Few boars (9%+ were bred on the 
farm where they were used, and none of the 
herds replying were dosed to outside stock. 
About one-third of the boars were purchased 
from outside the state of Iowa. Differences 
in merit among herds or among states seem 
unlikely to exist or develop with so much ex­
change of breeding stock.
Some 18% of the boars had been perfor­
mance tested and a further 1 0 % had sibs that
TESTING STATION ---
EXPERIMENTAL HERD —
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tirIF 4 GENETIC TRENDS ESTIMATED 
FROM THE TOOLED REGRESSION OF 
UTTER AVERAGES ON THE 
AGE OF MAN
= = ---- - Estimated annual genetic chnnga
98 to 154 Backfat




-0 .55± 0 .30
+0.55±0.25
+0.11±0.19
+ 0 .0 4 ± 0 .1 8  
+ 0 .4 9 ± 0 .12 
4-0.35 ± 0 .10
ad been tested. Thus, only about one-third of 
he boars had some test performance data to 
upport their choice for breeding. Unfortu- 
ately, the merit of these boars, relative to 
heir contemporaries, could not be assessed. 
A rather different summary is given if any 
anting (1 to 3) on performance in the ques- 
ionaire is taken as evidence for selection on 
eriormance records. Then 31% of the boars 
sedwere ranked for own performance record; 
further 29% were ranked on a brother’s 
ecord and a further 2 2 % were ranked on 
heir sire’s record. These records often con- 
erned carcass data on relatives from litter
certification or meat-sire certification pro­
grams. Again, the merit of the records referred 
to by the breeder was not known.
In summarizing the ranks of the reasons 
for choice of boar, a score of 3 was given for 
rank 1 , 2 for rank 2 , and 1 for rank 3 , the 
total score in each class being expressed as a 
percentage of the total possible score ( 6  x 125 
boars). The type and appearance of the animal 
was the most popular reason for choice of 
boars, while pedigree and herd of origin were 
less often cited. Together these accounted for 
the same percentage (45% ) of the total score 
as did the combined rankings on performance 
records of the boar, his brothers and his sire. 
Thus, visual assessment and pedigree still 
seem as important as test results in choice of 
pedigree breeding stock.
Prominent breeders (class 1, table 2) tended 
to retain more homebred boars and also buy 
more boars from out-of-state than did the less 
prominent breeders. They also had fewer per­
formance tested boars, but several used the 
full brother of their own test group. Seventy 
per cent of all boars were bom in 1966 and 
very few old boars were being tested.
TABLE S. SUMMARY OF THE 70 REPLIES TO THE QUESTIONNAIRE








in the herdHem 1 2
i replies 51 55 48
o. of boars 125 47 78 ' 73 52
i homebred 9 17 4 5 13
i bred out-of-state V 31 38 27 35 . 25
(of boars with a performance
lest cited 
) On boar 18 13 22 /  23 
10
9
) On sib1 10 17 6 12
) On sire' 2 4 0 1 2
of boars with any 
record cited 
) On boar 31 21 37 34 27
) On sib" 29 40- 22 28 29
) On sire' 22 21 23 21 23
»sons for selection of boar 
(Summary of ranks) tl 
*pc and appearance 29 29 29 24 36
w performance record 13 10 IS IS 9
“performance record 15 16 14 15 14
te Performance record 18 16 19 17 19
juigree 10 9 11 10 9
W of origin 5 5 5 6 S:ber' 9 14 6 11 7 •
b \v f,r“ inl°  Prom inent ( 1 )  an d  o th e r  b reeders ( 2 )  b y  th e  m an ager o f  th e  te s t in g  s ta t io n . 
c v ; oul a test on the boar.
d RankllLVCSt- 00 ôar or h's s,bs-
'tnri.J i r>omts; 2 — 2 p o in ts ;  3 = 1  p o in t;  ex p re ssed  as  p erc en ta g e  to  to ta l rank  score , 
ord uncla f id ” recor(*’ le n Rth, p r ice , a v a i la b i l i ty ,  b o n e , m u sc lin g  a p p e a r a n c e , p r o g e n y  record , fe e t  and  leg s , w t. lor age,
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Discussion
These studies indicate that the genetic dif­
ferences between herds and the genetic trends 
in the breeds have not been as large as the 
results at the testing stations would suggest. 
The high rate of exchange of breeding stock 
probably accounts for the lack of genetic 
differences between herds and both belie the 
genetic superiority usually credited to herds 
prominent in the breed hierarchy or successful 
at the testing stations. Jonsson (1965) found 
that farm environment differences accounted 
for about 8 % of the variation in daily gain 
and for about 2 % of the variation in fatness 
in pigs tested at the Danish progeny testing 
stations.
The estimates of genetic change are perhaps 
the least satisfactory of the results presented 
because the estimates are confounded with 
any effects of the age of the dam or parity not 
removed by the data adjustments. Also, any 
genetic change in the breed was assumed to be 
linear and to be transmitted directly to the 
successive groups of females in the experimen­
tal herd. The same purchasing procedure and 
array of herds was used throughout the experi­
ment. However, the possibility exists that 
breeders were more selective early in the work 
and less careful about the boars supplied in 
later periods. There was no conscious selection 
among females in the herd and an investigation 
showed that the average merit of females 
entering the herd or being culled was the same 
as that of their contemporaries so that the 
effects of chance or natural selection could be 
discounted.
As judged by the questionaire, type and 
appearance are still very important to breeders 
in their choice of boars for breeding. Most 
boars had some records that could be cited to 
support their choice, but the relative merit of
these records and their use in selection are 
still undetermined. Certainly the results of 
performance tests do not have priority in the 
selection of boars and the direct effects of 
the testing stations on genetic improvement 
cannot be great. Moreover, no general policy 
exists whereby the sons of selected boars would 
be tested and selected in turn so accumulating 
genetic improvement.
The dilemma is raised, as with the Danish 
Landrace (Smith, 1963), whether the pheno­
typic trend from the testing station data or 
the estimated genetic trend is nearer the true 
genetic change in the breeds. The trends in 
backfat thickness for pigs in Iowa and in 
Denmark are compared in table 6  with the 
responses obtained in two selection experi­
ments (Gray et a l, 1965; Hetzer ct al., 1963). 
The experiments were small but selection was 
solely for low backfat measured by a live 
probe at about 80 kg. liveweight. Selection 
differentials of 0.7 to 0.9 standard deviation 
units per year were achieved and realized heri- 
tabilities were high. Breed improvement in­
volves many traits of which backfat thickness 
is an important item. However, in this study 
and in the Danish work (Smith, 1963), there 
seemed to be little direct selection against 
backfat thickness based on the test results. 
Yet the changes per year in backfat thickness 
of the two breeds were similar to those in 
the experiments, and on a generation basis the 
former were twice as large. Such a result was 
not expected because it would appear more 
difficult to change a breed, with its multiple 
objectives and large number of breeders, than 
to change a small line selected for a single 
trait. Is it possible that the large number of 
breeders involved, their wide choice of breed­
ing stock from many herds and states, their 
intimate knowledge of individual animals and
T A B L E  6 . T R E N D S  IN  B A C K F A T  T H IC K N E S S  O F  P IG S  IN  IO W A  A N D  IN  
D E N M A R K  A N D  IN  T W O  E X P E R IM E N T A L  H E R D S
L o ca tio n i f ■ V." D e n m a rk B eltsv ille M isso u ri
Breed D u ro c  a n d . D an ish D u ro c  an d P o la n d  C h in a
O b jec tiv e
H a m p sh ire L a n d ra c e Y o rk sh ire
B reed B reed S election  on Selection  on
P eriod  ( y r . )
im p ro v e m e n t im p ro v e m e n t b a c k fa t  p ro b e b a c k fa t  p ro b e
10 12 11 5
G e n e ra tio n  in te rv a l ( y r  ) 2 .2 2 .4 1 1
T ota l c h a n g e  i n  b a c k fa t  ( m m . ) 10.8 8 .9 8 . 8 " 5 .8
Change per y r. (m m .) 1.1 0 .7 0 .9 " 1.2  •
C hange p e r  generation  (m m .) 2 .4 1 .8 0 . 9 ” 1.2
R eference P re se n t Jo n ss o n H e tz e r  et al. G ra y  et al.
p a p e r (1965) (1963) (1965)
Measured as a d e v ia tio n  from  a  ran d om  bred  co n tr o l.
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ujr records and pedigrees can combine to 
fleet a rapid rate of improvement in breed 
Lformance not only for one character but 
L several economic traits concurrently? De- 
lerniining the real nature of the trends in per­
formance is an important task for animal 
reneticists and for the swine industry. The 
¡10St satisfactory method in pigs would prob- 
jblv be to establish random-bred control herds 
jnd use these to measure the genetic changes 
being achieved.
Sum m ary
Data from an experimental herd, maintained 
jy boars purchased from breeders involved in 
¡lie Iowa swine testing program, were used to 
issess the importance of genetic herd cliffer- 
mces and to estimate genetic trends in the 
jreeds. Genetic herd differences were found to 
recount for a very small portion of the total 
variance in gain and fatness. Estimates of 
renetic trends (from regressions of adjusted 
progeny performance on age of dam within 
jeriods) were much smaller than the trends 
it performance at the testing stations and 
iven different in sign.
A questionnaire was sent to breeders to 
issess what criteria they used in their choice
of breeding stock. There was considerable ex­
change of stock among herds and also among 
states. Type and appearance were the most 
important items in selecting boars, while per­
formance test records had a lower priority. 
The dilemma, having large phenotypic changes 
in performance contrasted with low estimates 
of genetic change and little evidence of selec­
tion, needs to be resolved.
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Q U E S T IO N N A IR E  T O  B R E E D E R S
would like to learn  y o u r  re aso n s  fo r. th e  p u rc h a se  a n d  use o f b o a rs  in y o u r  h e rd . W e a re  send ing  th is
gestionnaire to all b reeders w h o  a re  te s t in g  b o a rs  a t  th e  A m es T e s tin g  S ta tio n . C ou ld  y o u  an sw er th e  fol-
7'vnigquestions: ( 1) fo r the  sire o f y o u r  g ro u p  o n  te s t  a n d  ( 2 ) fo r  th e  y o u n g e s t b o a r  in  serv ice in y o u r herd .
Maine
Year of b ir th
Marne and address of b reed er
S ire  o f y o u r  g ro u p  
o n  te s t
/Y o u r y o u n g est b o a r 
in serv ice
bought (used) this b o a r because o f:
Us type and appearance
Ms own performance reco rd  
(Rive his index o r re c o rd )
Ms sire’s performance reco rd  
(Rive his index o r re co rd )
Ms brother’s perform ance rec o rd  
'Rive his index or re co rd )
Ms pedigree 
Ms herd o f  o r ig in
Ms (price, availability, feet a n d  legs, e tc .)
(R a n k  y o u r  re aso n s  1 ,2 ,3 )
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F IFTEEN blood group and seven serum 
protein systems have been identified in the 
domestic pig. However, the significance of 
these polymorphisms in pig populations is still 
undetermined. The problem was studied using 
data on 17 blood systems together with pedi­
gree and performance records on the same 
pigs. The relative viabilities of different geno­
types or phenotypic classes were studied using 
segregation data from known matings. The 
changes over a period of time in gene fre­
quency at the various loci were examined to 
study the dynamics of these simple genetic 
systems. The effects of the systems on pro­
duction and reproduction are reported in a 
second paper (Jensen et al., 1968).
M aterials
Data used in this study were collected from 
1961 to 1966 in an experimental herd used to 
study the genetic effects of paternal irradiation 
in pigs. The general design and objectives of 
the project were given by Willham and Cox 
(1962). Study of the blood and serum groups 
was included to measure mutation rates at 
specific loci in irradiated and control groups. 
The irradiation treatments are ignored in this 
study. The pigs were purebred, either Duroc 
or Hampshire, and were farrowed in two sepa­
rate 6-wk. periods in each year. A new set of 
males, IS pairs of full brothers per breed, was 
purchased from pedigree pig breeders in Iowa 
and used to sire the pigs in each period. Re­
placement females were kept from first and 
second parity dams in the herd, while older 
dams were culled at random, irrespective of 
their reproductive status. Each litter was 
raised in one pen to 154 days of age, and 
toe was no culling of piglets during the test, 
lood samples were taken from the piglets at 
11 1 *n the first seven periods. No sampling 
''as done in the eighth period. In the last 
lree Periods, blood samples were taken for
H oiU£ l ,  t’aper N o . J—5770 of th e  Io w a  A g r ic u ltu ra l and  
Tbis »ml t  105 E xp erim en t S ta tio n , A m e s . P ro jec t N o . 1 4 2 4 . 
WRith it,, jd 'e e ty e d  a ss is ta n c e  from  C o n tr a ct A T  ( 1 1 - 1 ) -  
ne u . b. A tom ic E n e r g y  C o m m issio n ,
both red cells and serum at 42 days of age 
(weaning). The red cell typing procedures 
used were described by Anclresen (1963). The 
starch gel electrophoretic techniques used 
were given by Baker (1968a).
The systems involved, the number of dis­
tinct reagents used for each factor, and the 
period of study for each system are given in 
table 1. Three pairs of loci are linked: C and
A
/ ,  0 = 5 .3 $  (Andresen and Baker, 1964); I
A
and Am, B=0.8$- (Andresen, 1966a); and
A
K  and lip , 9 = 3 .6 $  (Andresen, 1966b),
A
where 9 is the estimated recombination per­
centage. Seven of the blood group systems 
(A, C, F, H, J, K, M) are termed “open” 
because some pigs did not react to any of the 
reagents available for these systems. Such 
individuals are given the symbol In the 
open systems, a homozygote a /a  cannot be 
distinguished irorn a heterozygote a -  except 
by a progeny test. Five blood group systems 
(B, E, G, I, L) and all five serum systems are 
called “closed” because the blood of all pigs 
reacts with at least one reagent or exhibits at 
least one band on the starch gel. With the 
exception of the A system (Rasmusen, 1964), 
and those with only one reagent, the alleles 
function as co-dominants. Thus, in the dosed 
systems, the genotypes of all pigs could be 
determined from the phenotype or laboratory 
test.
Questionable serological test reactions or 
starch gel interpretations (less than 1 $ )  
were repeated. Errors in classification were 
detectable only if offspring with unexpected 
phenotypes were produced. These, and their 
parents, were then subjected to further testing 
and the individuals concerned were reclassified 
if in error. After exhaustive checking, only 
two anomalous pigs remained (Andresen, 
1967; Baker, 1968b).
The total data available was on about 
16,000 pigs from over 2 ,0 0 0  litters, the prog­
eny of 429 sires.





TABLE 1. GENE FREQUENCIES IN 17 SYSTEMS IN TWO BREEDS 
AND THEIR TRENDS OYER TIME


















u s e d “
N o. of 




R egression  
o f gene 
freq u en cy  
on  y r.
N o . of 








A A‘ t 5 .5 94S" 0 .71 — 0 .0 1 6 1003 ” 0 .69 —0.011
2 0 .2 9 0 .0 1 6 0 .31 0.01!
B B" 5 2 7579 0 .7 3 — 0 .0 1 4 7789 0.91 —0.6
B" 2 0 .2 7 0 .0 1 4 0 .09 0.6
C Cr 4 .5 6990 0.86 0 .0 2 5 7048 1.00
C ' 2 0 .1 4 —0 .0 2 5 ....*■'
E E""c 5 .5 7614 0 .20 —0 .0 0 4 8293 0 .53 - 0.01! !
0 .3 4 —0 .0 1 5 0 .0 7 -o.oi:
£'"■» 14 0 .0 9 0 .0 0 4 0 .4 0 0.011
E"':t 0 .3 7 0 .0 1 7 0 . 00 ''
E*b 0.00
F F~ 5 .5 8831 0 .9 0 0 .0 0 8 S3 9 2 0 .6 7 - o i l
F“ 8 0.10 —0 .0 0 8 0 .33 0,®
G G" 5 .5 3 7103 0 .5 2 —0.012 7002 0 .72 0.0!
G" 3 0 .4 S 0.012 0 . 2S - 0.0!
H H~ 4 .5 6982 6986 0.81 - 0.01:
II" 2 0 .5 2 0.012 0 .1 7 ■
H" 2 0 .4 8 —0.012 0.02 - 0.01
I r 4 .5 1 7005 0 .3 3 — 0 .0 1 6 7045 0 .6 0 —0.021
i" 2 0 .6 7 0 .0 1 6 0 .4 0 0.01
I j - 8 .5 " 2224 0 .7 6 2289 0.68
J “ 1 0 .2 4 0 .32











L V 5 .5 5061 0 .7 9 0 .003 4647 0.21 -o .o i :
L" 0.02 0.001 0 .5 6 0.03
L '" r 15 0.20 —0 .0 0 6 0.12 - 0.01'
L"" 0.00 —0.001 0.11 - 0.00
M M 2 .5 " 3489 0 .7 7 3303 0 .5 6
M" 1 0 .2 3 0 .4 4
A m ylase
Am A 1 .5 " 2877 2351 0 .0 9
Am” 1.00 0 .9 0
Am0 0.01
C eru lo p lasm






























11 Sera from different donors, 
t  Reagent a" was not used.
11 Dams, all other systems refer to progeny.
c ( . . . . )  allele not present; (0 .001 allele found b u t at low frequency. 
'* Too few years to estim ate trends.
* T fK Ames.




















































typic distribution of progeny from each pa- served and expected numbers of offspring in
rental mating type ought to follow a simple each mating type for each system and summed
Mendelian ratio. Comparison of observed and to give a total Chi-square as shown in table 2.
expected numbers will provide a check on A summary, from segregating matings, of the
Mendelian inheritance, or if the theory is total observed and expected numbers at differ-
assumed, will give a measure of the relative ent phenotypes gives an estimate of their rela-
viability of different phenotypes at each tive viability and the pooled Chi-square
system. (table 2 ) tests the significance of the differ-
The distribution of progeny from each mat- ences. A Chi-square for heterogeneity among
ing type was examined for the progeny avail- mating types is given by the difference of the
able at the time of typing and also for the total Chi-square and the pooled Chi-square
progeny surviving to 154 days of age, the end (table 2). The probabilities of obtaining these
of the experimental period. In the open sys- Chi-squares by chance are given in table 3
terns, matings were included only if the geno- along with the number of mating types and
types of both parents were known or could be number of matings involved,
inferred from the offspring in the litter con- For most of the systems, deviations from
ccmed. For example, at the C locus, if an expectation were not significant and the pooled
a ?x a/? mating produced one - / -  offspring, Chi-square probabilities fell throughout the
both parents must be a /- .  Selecting only those possible range (table 3 ). For systems not
matings with -  -  progeny gives an expected showing significance the following positive
proportion of - / -  progeny of p / (  l - ( l - p ) u), conclusions may be drawn: ( 1 ) that inheri-
wherep is the true frequency o f - / - offspring tance was Mendelian, (2 ) that typing was
ina/-xa/~ matings, and n is the average accurate, and (3) that from conception
number of pigs per litter. For example, in de- through birth to 154 days of age, there were
lected a -  x a -  matings, the expected propor- no large differences in viability among pheno-
tion of offspring was 0.2 78 (instead of types. An alternative, that inheritance was 
0.25), the average litter size being taken as non-Mendelian but appeared so only because
eight. If the genotype of the sire or dam was of compensating differences in viability, might
inferred from other litters, then the amount be tenable for one system but not for 17 sys-
nf bias would be less but it would not be tems in two breeds. As a guide to the size of
known, so the more precise procedure was effects detectible, an empirical estimate showed
adopted. Segregation analysis (Morton, 1959) that differences in viability among phenotypes
would make use of all the data, but the method of 5 to 10% could be detected (P ^0 .05) in
depends on estimates of gene frequency and these analyses, depending on the number of
on the assumption of random mating. offspring tested and the number of phenotypes
A Chi-square was calculated from the ob- in the system. Thus, despite the large numbers
TABLE 2. A S U M M A R Y  O F  M A T IN G  T Y P E S  A N D  C H I-S Q U A R E  T E S T S  F O R  T H E  B
S Y S T E M  I N  D U R O C S
Matin?; type
N o. of 
l itte rs
N o . of 
p ro g e n y
O ffspring  p h en o ty p es
C h i-sq u are d.f.Sire Dam a /a a / b  b /b
»/»f a/a 212 1548 1548
aa a /b 168 1160 579 581 0 .0 0 1
a/a b/b 30 202 202
a/b a /a 189 1279 629 650 0 .3 5 1
a,b a/5 149 10.36 261 540 235 3 .1 7 2
a-'t> b /bh/U 24 151 79 72 0 .33 1b/b a /a 26 196 196
b'b a /b 26 1S7 95 92 0 .0 5 1
Vb b/b 2 17 17
T o ta l  C h i-sq u are 3 .9 0 6
Observed totals in seg reg a tin g m atin g s 1469 1945 399
Expected to ta ls in seg reg a tin g m atin g s 1479 1907 428
P o o led  C h i-sq u are 2 .7 9 2
H e te ro g en e ity  C h i-sq u are 1.11 4
1 a/a  is e t c .
BLOOD AND SERUM PROTEIN SYSTEMS TN PIGS
TABLE 3. CHI-SQUARE PROBABILITIES FOR DEVIATIONS FROM EXPECTED SEGREGVrir
NUMBERS AT 154 DAYS OF AGE: (1) POOLED OVER MATING TYPES (2) FOR ‘ ]jy
HETEROGENEITY BETWEEN MATING TYPES AND THE RATIO OF 
VIABILITY OF HETEROZYGOTES AND HOMOZYGOTES 
FOR EACH SYSTEM
S y stem
D u  roc H a m p sh ire ----- -
N o . o f  
seg r eg a tin g  
m a tin g s
N o . o f  
m atin g  
ty p e s
Pooled
ch i-sq u are
p ro b a b ility
( 1 )
H e te r o g e n e ity
ch i-sq u a r e
p ro b a b ility
( 2 )
R a tio  of 
v ia b il ity  n
N o . of 
seg r eg a tin g  
m a tin g
N o . o f  
m a tin g  
ty p es
P o o led









A 224 3 0 .8 5 0 . 8 0 1 . 00 197 3 0 .9 5 0 .4 5 1.0"
B 5 5 6 3 0 .2 5 0 . 9 0 1 .0 4 242 4 0 .2 5 0 .4 5 0.«
C 275 3 0 .1 5 0 .4 5 1 .OS
E 722 59 0 . 2 0 < 0 . 0 5 * 1 .0 3 759 25 0 . 4 0 0 .  70 i i
F 285 .t 0 .1 5 0 .  55 0 .9 4 5 2 6 3 0 .7 5 0 .6 0 03;
( i 584 0 .2 5 0 .7 5 1 .0 5 4 54 5 < 0 . 0 5 * 0 . 2 0 I.O'd
Ii 5 46 3 0 .6 5 0 .6 5 0 .9 8 44 3 10 0 .7 5 > 0 . 9 5 * 0 0i
I 59 .1 0 . 4 0 0 . 3 0 1 .0 3 189 3 0 . 4 0 0 .8 0 1 IK
J 138 3 0 . 6 0 0 . 4 0 1 . 00 148 3 0 . 1 0 0 .5 5 0«’
K 248 8 ^ 0 . 0 1 0 . 4 0 0 .8 2 * * 543 5 0 . 4 0 0 .1 5 Iff
L 43 7 15 0 .3 5 0 . 1 0 0 .9 7 721 33 0 . 8 0 0 .5 0 11)1
M 271 3 < o . o i * - < 0 . 0 1  '* 0 .5 8 * * 231 4 < 0 . 0 5 * < 0 . 0 1 ** 03! I
A m 1 1 0 5 0 . 8 5 0 .7 5 I f
H p 287 19 0 .5 0 0 .3 5 1 .0 7 247 24 0 . 9 0 0 .0 6 HR
P a 2 84 3 0 .4 5 0 . 8 0 0 .9 5 198 3 0 . 9 0 0 .4 0 1 (fl
T f 188 3 0.50 < 0 . 01" 0 .9 6 165 6 > 0 . 9 5 * 0 .3 5 1,®






















































R a tio  o f  v ia b il it ie s  o f h e te ro zy g o tes  to  h o m o z v g o tc s . 
■ P<0.05.
• I’<0.01.
of animals available, the tests used were not 
very sensitive to small differences in viability.
The M system showed significant deviations 
from expectation at several mating types in 
both breeds. This was attributed to poor 
typing reagents for this system, and typing 
in the M system was discontinued in 1966, 
before this analysis began. For the other sys­
tems, only in two out of 28 tests were there 
significant pooled Chi-squares (P—0.05), but 
the deviations were not consistent between 
breeds. Of 275 Chi-squares on individual 
mating types, omitting the M system, 141 
tests in Durocs and 134 tests in Hampshires, 
14 were significant (P ^ 0 .0 5 ). This is the 
number expected by chance alone at the 5%  
significance level. Moreover, the deviations 
from expectation were usually not consistent 
among mating types nor between breeds.
The viability of heterozygotes and homo­
zygotes was compared for each system in 
matings with a 1 :1  expectation of these 
classes. The ratios of the numbers in the two 
classes are given in table 3. In three cases the 
viability of the classes differed significantly 
(P ^ 0 .0 5 ), differences of 5 to 10% again 
being required for significance. In general, 
taking the systems collectively, the evidence 
does not suggest that heterozygotes of the 
blood and serum group systems have a su­
perior viability.
There was significant heterogeneity (P— 
0.05) among mating types in only two of 28 
tests (omitting the M system). For one sys­
tem (Tf) the heterogeneity could be ascrif 
to differences between reciprocal mafic 
However, of 94 tests among reciprocal nlai 
only two systems, Tf and M, showed sigi 
cant (T=i=0.05) divergence. Incompatibility 
maternal and progeny blood types lias te 
shown in special circumstances in the; 
(Andresen et al., 1965), but the presentdi 
indicate it is not a common phenomenon.
Although the segregation ratio tests® 
used in preference to tests of Hardy-Weinli 
equilibrium, the latter were also made for; 
closed systems. The Chi-squares, added r 
periods, were significant (P ^0 .05) in If 
14 tests made. Several effects may account 
the lack of agreement between the two sell 
tests. Robertson (1965) has shown howdi 
ences in gene frequency between the r. 
(pm) and female (pf) parents will always; 
to a surplus of heterozygotes in Hardy-H 
berg tests, the excess being (pm-Pf)J \3 
effect may account for some of the disc 
ancy, for in two-thirds of the cases exaif 
there was an excess of heterozygotes. Raw 
mating is another condition necessary 
Hardy-Weinberg equilibrium. However, 
design of the experiment was to mate sS 
full brothers to several pairs of full sister 
non-random pattern. Also, each mating I 
duces a litter averaging eight pigs rather 
a single offspring and this introduces an 
non-random element. Deviations from Hi 
Weinberg equilibrium can also be cans® 
differences in fertility among the parent'
I  8 5 2
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FOR by parity effects on litte r size, associated  w ith
die phenotype of the dam . T h u s , com pared 
with the segregation ratio  tests, the tes ts  of 
- Hardy-Weinberg equilibrium  are  su b jec t to
several biases and are  difficult to in te rp re t, 
¡¡dw Gene Frequency. T he gene frequencies w ere
S  a!  estimated from all offspring tested  over the
’> ' y 5^4-yr. period. In  the closed system s th is 
is % was done by counting the a lleles a nd in the
'3 °! open systems the estim ate y ' ( l  q)  w as used,
$  jf where q was the p roportion  of pheno types
2?. u lacking the allele. T he gene frequencies
go* i'| (table 1) in the various system s lie th rough-
5̂ % out the possible range. M ost of the system s
so fii satisfy the classical definition of a polym or-
°5 " j phism, by their allelic frequencies be ing  a t
°<j j-J non-trivial levels ( > 0 .0 1 )  and  b y  the ir oc-
.55 lit currence in different breeds. T h e  gene fre-
“ quencies in the two breeds w ere n o t sim ilar;
four alleles at in term ediate  frequency  in one 
breed were absent in the o ther b reed. Several 
Id be asciil ^  afle®s ’n the m ultip le  allelic system s 
ical matir "ere a*; ôw frequency, b u t none w ere lost 
irocal mali’ breeds during the period  of study .
, „j ' To studv the dynam ics of these sim ple howeo sigii . ,. , ..
tibiliti »lendelian systems over tim e, separa te  esti-
es hash mates °f ?ene frequency w ere m ade for sires,
>s in the' l'ams and progeny in each 6-mo. period . Tn
resent f l'"llrc  ̂ 3le plot of the frequency  over tim e
■nornenon two ^le system s illu s tra tes  som e of the
tio tests ® ,eattlrcs °f ,lle results. T he  gene frequencies
, ™ dle progeny were, as expected , usually
11 n'ade tor' 'ntermediate to those of their parents. Smail
3 ac](]ed(, discrepancies may be due to differences in the
K)5 ) jn |i number of progeny per sire and to poor esti-
v account' mates "cne frequency from  sires for the
th two set '-’f™ s.vsteiris- The p lo ts of the frequencies
■n how dii ôr sows were fairly  stab le , since over 100
^ e n  the® s0ws were available in each period  an d  some
T ,  aiwavsl sows were retained for several parities. By
U ITirdv-lV: contrast> the frequencies for sires and  for
11 _n 2.T: Pro?eny fluctuated widely, due to the sampling
nlf tip dki 3 s*res (IS pairs) front each breed in each or uit - period,
C3.SCS 6X3W" t ' i
motes Rat1 ume trends in gene frequency were studied
"necessary  re8ressing the gene frequency of progeny 
H o w e ve r. 0111'ears ar|d the regressions are also given in 
to mates® ta ^ Little relation between the trends in 
>f full sistffi "en,e fluency  in the two breeds was noted 
ch matin?f an trends were independent of initial 
tigs rather’ aene frequency. In half of the systems the 
roduces an® ?e”e frequencies converged, while in the other 
ns from® lal. ®ey diverged. Several of the regression 
o be causei “efficients indicate important trends in gene 
the parenti “quency. However, these may be due to the 
e ects of sampling of sires and to the initial
sampling of the sows in the herd rather than 
to changes in the gene frequency in the breeds. 
For example, the trend in the Ea,'K allele in 
Hampshire.? (figure 1 ) is as likely to be due 
to an atypical initial sample of sows as to a 
change in the breed. Over a longer period of 
time, any trend in the breed will be more 
apparent and sampling effects will be less 
important.
Discussion
Many authors (e.g., Andresen, 1963) have 
used small sets of segregation data to confirm 
the mode of inheritance of new factors or of 
new genetic systems. The present results rep­
resent perhaps a larger set of segregation data 
than has been available hitherto in pigs and 
allows unbiassed tests of differential viability. 
In general, the observed data agree well with 
Mendelian expectation, indicating that any 
differences in viability among phenotypes in 
these systems are less than 5 to 1 0 % and 
could lie zero. Effects smaller than 5 to 10% 
are perhaps beyond the limits of experimental 
analysis, because of Ihe insensitivity of tests 
for binomial data. In studying small differ­
ences in viability, the control of any environ­
mental and extraneous factors that may be 
involved is important. This was conveniently 
achieved here by doing the analyses within 
litters, which removed effects due to sire, dam, 
parity, period, etc. By contrast, the lack of 
agreement found between Hardy-Weinberg 
expectations and observed values shows how 
any unfulfilled assumptions or environmental 
effects may lead to false conclusions about the 
relative viabilities of different phenotypes.
These results in pigs contrast with the re­
sults of Briles and Allen (1961) and Morton 
et al. (1965) in chickens. The former, in 
studies of the B system in seven inbred lines, 
found that heterozygotes were superior to 
homozygotes by 6 %r in liveabiiity and 4% in 
egg production. Morton rt al. ( 1965) reported 
a superiority of 25% in hatchability of hetero- 
zygotes over homozygotes at the B locus in a 
commercial strain of chickens. Kristjansson 
(1964) found differences in the rate of con­
ception among nine mating types at the trans­
ferrin locus in pigs, but this aspect was not 
tested in the present data.
Sampling variation in the purchase of stock 
made it difficult to relate the trends in gene 
frequency in the experimental herd to those 
in the breeds of origin. However, it would 
seem worthwhile to continue sampling these
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breeds over a longer period of time to monitor 
further changes in frequency and to determine 
if these polymorphisms are of a neutral, 
balanced or transient form.
A comparison of their gene frequencies 
provide a guide to the relationships at Segre 
breeds. Matousek (1966) reported esti& matings 
of gene frequency in many of the s.'1 tents at
8i 8 5 4
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t j r t E 4 C O R R E L A T IO N S  O F G E N E  F R E -  
nttFXiTES OF IS A L L E L E S  F O R  15 S Y S T E M S  
M IN S IX  P IG  B R E E D S “
B la ck  &
Large W h ite-
W hite I’rcsticc C ornw all H a m p sh ire  D u ro c
Black & W h ite -
c „ S r  o. 7i Ó.9Ó ::::
Hampshire 0 . 6 4  0 . 7 s  0 . 7 9
Duroc
Landrace
0 . 4 9  0 . 6 6  0 . 5 6  0 . 4 1  . . . .
0 . 5 9  0 . 6 2  0 . 6 2  0 . 5 7  0 . 4 5
From M a to u se k  ( 1 9 6 6 )  a n d  p r e s e n t  p a p e r .
studied here for four pig breeds in Czecho­
slovakia. Simple correlations among the gene 
frequencies in IS systems in these breeds and 
in the Duroc and Hampshire are given in 
table 4. Of all combinations the Duroc and 
Hampshire had the lowest correlation between 
their gene frequencies. The Duroc and Lan­
drace both had a rather distinct set of fre­
quencies, while there was more resemblance 
among the frequencies, perhaps indicating 
similar ancestry, of the other four breeds.
The presence of these polymorphic systems 
in several breeds of pigs is not unexpected. 
The systems studied here are not a random 
sample, since to be discovered they had to be 
segregating in some pig population. The Duroc 
and Hampshire breeds were formed some 70 
toSOyr. ago in the USA (Briggs, 1958). The 
foundation material and early history of the 
breeds are not well documented, but the ori­
gins seem to have been quite heterogenous. 
The accumulated inbreeding in both breeds 
is estimated at about 15%, assuming %i% 
inbreeding per generation of 2% yr. This is 
also the percentage of the original segregating 
loci, with neutral effects, that would be ex­
pected to be fixed by now in these breeds. So 
segregation in many systems would be ex­
pected if the original foundation stocks were 
heterogenous. By contrast a line of Poland 
China, presently maintained at Iowa State 
Iniversity and inbred 80 to 90%, was found 
to be segregating in only two of the systems 
studied here, the F system and the Pa system, 
"either of which had significant effects on 
'lability in this study. Thus, although many 
other causes are possible, the existence of the 
hood and serum group polymorphisms in 
j ese breeds today may be simply accounted 
101 by the heterogenous origin of the breeds.
requendes Sum m ary
mshipsf Segregation data of progeny from known 
irted es matings were studied for 12 blood group sys- 
>f the s.- eras and five serum polymorphisms in two
breeds of pigs. A total of some 16,000 pigs 
from 429 sires was available. The viability of 
different phenotypes in each system was com­
pared for all pigs alive a t 154 days of age. 
Most of the segregation numbers did not differ 
significantly from expectation showing that: 
( 1 ) inheritance was Mendelian, (2 ) typing 
was accurate, and (3) any differences in vi­
ability from conception through birth to 154 
days, are less than the 5 to 10% level de­
tectable (P ^ 0 .0 5 ) by these experimental 
data. In cases showing significant deviations 
(14 out of 275 mating types), the results were 
inconsistent among mating types and between 
breeds. Homozygotes and heterozygotes had 
similar viabilities.
Most of the systems are truly polymorphic 
in that the alleles have non-trivial frequencies 
and occur in several breeds. Trends in gene 
frequency which could reflect changes in the 
breeds were studied. The frequencies fluctu­
ated over the 5^2 yr. involved, but due to 
sampling effect in purchase of breeding stock 
it was not possible to establish if any real 
trends had occurred.
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QU A N TITATIVE S T U D IE S  O N  B L O O D  G R O U P  A N D  S E R U M  
P R O T E IN  S Y S T E M S  IN  P IG S . I I . E F F E C T S  O N  
P R O D U C T IO N  A N D  R E P R O D U C T IO N  ’• 2
E. L. J e n s e n , C .  S m i t h , L. N. B a k e r  a n d  D. F. C o x  
Iowa State University, Ames
T WELVE blood group and four serum pro­
tein systems were studied to determine 
relationships with 10  performance traits in 
pigs. The two basic questions posed in this 
analysis were: what effects do these systems 
have on performance traits, and what is their 
usefulness in selection and pig improvement?
M aterials
The data were described by Smith et al. 
(1968) and only special features, relevant to 
this study, will be repeated.
Data were available on some 16,000 Duroc 
and Hampshire pigs, from over 2,000 litters 
sired by 429 males. Each litter was kept in 
the same pen from birth to 154 days of age, 
when the test ended. Male pigs were castrated 
at 1 to 2 wk. of age. Litters were weaned at 42 
days of age and were self-fed during finishing. 
No fostering or culling of piglets was allowed, 
and any culling among females, to maintain 
herd size, was at random.
For the serum protein systems and five of 
the blood group systems, the genotypes of all 
individuals could be determined by the labora­
tory tests. However, for the seven “open’’ 
blood group systems, the homozygote (a /a ) 
could be distinguished from the heterozvgote 
(a -) only by a progeny test. Individuals 
were coded a/? where the zygosity was not 
known. If the genotype of an individual could 
be inferred from the genotypes of Its relatives, 
pen the inferred genotype was used. By using 
m erred genotypes, bias could be introduced, 
owever, since the probability of making 
errors was very low, the possible bias was 
considered to be negligible.
Ten traits were studied, five representing 
aspects of growth and fatness (production 
®ts) and five being measures of reproduc- 
rve performance. The traits, along with means 
^standard deviations, are listed in table 1 .
H o i Fnc l S Perr N o - T - S 7 7 8  nl th e  Io w a  A g r ic u ltu ra l and  
This work I ,  E xperim ent S ta tio n , A m es . P ro jec t N o . 1424 . 
with the li  e r' celv?d a ssista n c e  from  C o n tr a c t  A T (  1 1 -1  ) - 7 0 7  
■ We r ’/"" ' E n e rg y  C o m m issio n ,
their estenTf J t0 E rik A n dresen  and  D era id  K im m  farr i ' O llU I CSC1I UI1U V*.
-  ve and accurate b lood  ty p in g  w ork.
Correlations among traits within the produc­
tive and reproductive groups are also included. 
These correlations indicated dependencies 
among measures of pig weight and among 
measures of litter size. Birth weight was mea­
sured on all pigs born alive (as judged by' 
lung dilation); length of life ranged from 
zero to 154 days. Average backfat probe at 
the shoulder, back, and loin was adjusted for 
154 day weight; the regression coefficients 
were 0.39 mm./kg. for Durocs and 0.32 mm. 
kg. for Hampshires. The reproductive traits 
were measured on all litters in which any pigs, 
dead or alive, were farrowed. The correlations 
among the traits within each group are also 
given in table 1 showing that there are de­
pendencies among the measures of pig weight 
and among the measures of litter size.
I t was important to eliminate environmental 
and other sources of variation in estimating 
the effects of these systems on performance 
traits. This was conveniently done for the 
productive traits by performing least squares 
analyses within litters. The five productive 
traits were observations on individual pigs. 
The model for the least squares analysis was 
then:
yijM =/*+li+Sj+bi:-fe,jki ( i)
where ¡i is the population mean, h is the effect 
of the i"‘ litter, Sj is the effect of the j tlJ sex, 
bis is the effect of the k"' blood or serum group 
phenotype and e1jki is a random effect of the 
1th individual. Least squares equations for the 
mean (/i) and for litters (lj) were absorbed 
into the equations for sex and phenotype. 
This is equivalent to comparing pigs within 
litters and thus eliminates the effects of par­
ents, pens, seasons, and other environmental 
effects common to a litter. All tested pigs were 
used for traits 1 and 2 , but only those which 
lived to 154 days of age were used for traits 
3 to 5.
The classification models used for the re­
productive traits also attempt to exclude ex­
traneous source of variation but do so less 
satisfactorily than does model (1). The main 
model was
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T A B L E  1 . M E A N S , S T A N D A R D  D E V IA T IO N S  A N D  C O R R E L A T IO N S  A M O N G  TRAITS
A V E R A G E D  O V E R  B R E E D S
Ite m M ean
S ta n d a rd
d ev ia tio n
------------
C orre la tions
T r a i t
2 3 4
P ro d u c tiv e  t ra its
1. L e n g th  o f life (d a y s )  " 128 .9 5 3 .5 0 .2 9
2. B ir th  w t. (kg .) 1 .2 8 0 .2 9 0 .4 9  0.35
3. W t. a t  42 d a y s  o f age (kg .) 11 .03 2 .7 0 -----  0.60
4. W t. a t  154 d ay s  of age (kg .) 79 .5 15 .5 ------ . . . .  oj
5. A v . b a c k fa t p ro b e  (m m .) 2 8 .9 4 .7
T ra i t
7 S 9
R ep ro d u c tiv e  t ra its
6 . N o . o f regressing  fe tuses 0 .3 9 0 .7 7 0 .7 7
OÍÓÍ
7. N o . b o rn  dead 0 .7 4 1.25 — .17 — .24
S. N o . b o rn  alive 9 .5 5 2 .7 2 0.75 li
9. N o . a live  a t  6 d a  vs 7 .9 8 2 .62 M
























































« ^ 1 5 4  d a y s.
yijki—/-r--(“ —|—pj—)—bk —ei j|Cj ( 2 ) 
where ti is the effect of the i" 1 consecutive 
6 -mo. period, pj is the effect of the j th parity 
group, and the other symbols are the same as 
in model (1). Equations for the mean (/i) 
and periods (ti) were absorbed into the re­
maining equations. Several sources of varia­
tion, such as sires, mates and interactions of 
period and parity, were not eliminated by this 
model. A further model was used comparing 
performance of females within sires. Since 
sires were used for only one period, their 
daughters in any one period were of the same 
parity. The model then was
yijki= A<--|—ti—)—srjj—)—bu—|—eijui (3)
where ti is the effect of the ith period and sh
The portion of the total variance in ate 
that can be attributed to the blood and sen 
systems individually and collectively was e 
mated approximately by the following meth. 
The total variance was defined as thevark 
remaining after absorption of the litter eqc 
tions for the productive traits and of t 
period equations for the reproductive tri 
The analysis of variance was of the fosj 
shown in table 2. The portion of the til 
variance (Pi) due to the blood or serums 
tern (i) can be estimated approximately!
(MS,,—MS,.) F i-1
P i -
is the effect of the j th sire on his daughters
farrowing in the ith period. The (/x-|-ti—)—srij) 
equations were absorbed into the remaining 
equations. Unfortunately, this partition of the 
data greatly reduced the number of compari­
sons available.
The effect of service sire (mate) was not 
included in Models (2 ) and (3). Smith et al. 
(1968) concluded that there was no evidence 
for incompatibility of maternal and progeny 
blood types in these data. Because of com­
plexity? and computing costs, interactions 
among loci were ignored. Several systems were 
analyzed simultaneously and results were com­
pared with those from analyzing each system 
alone. There were only small differences, 
which lended support to the assumption that 
systems are independent.
kiMSt lq
assuming M S,.~M St, as is the case whent 
component (Py, is small. The portion of! 
total variance (P) in a trait attributed ti 
independent blood and serum systems is» 
/. n 
approximately I V F;— 1 , with variai
i = l  k.
V (P) =
n
i l  N 1 , since the variance m
i= = l  k i2 b ;
(Fj), with a large number of degrees off
T A B L E  2. B A SIC  A N A L Y S IS  O F  VARIANCE! 
E A C H  S Y S T E M  W IT H I N  BREED S
S ource d .f.
M ean
sq u are
E xpec- I® 
ta tio n  r:
System b M S,,
R esid u a l e M S , cr'e
T o ta l t M S , ___
8 5 8
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Vifl
w
don, for the denominator mean square, are 
distributed as xV bi and the variance of xL>i is 
2bs.
Discussion
The problem of summarizing the large num­
ber of results from the least squares analyses 
was approached as follows. First, the E-tests 
(or each system-trait combination were exam­
ined and summarized. Then the effects for 
systems with significant F ’s were studied and 
compared in the two breeds. Finally the vari­
ation due to the systems, individually and col­
lectively, was estimated for each trait.
Table 3 shows the probability level of ob­
taining the observed F-test value by chance 
alone for each system-trait combination. For 
example, for the A system in Durocs, with 
two phenotypes, the F value with one degree 
of freedom for length of life (tra it 1 ) was 
0.62. The probability of getting an F value as 
large or larger than this by chance is 0.54, the 
value in table 3. In general, the F values fell 
throughout the whole probability range, show­
ing that most of the systems were not influ­
encing the traits being studied. However, there 
was an excess of tests at the low probability 
end of the distribution (figure I ) . Of ISO F- 
tests made in each breed, 21  were significant 
(P—0.05) in Durocs and 17 in Hampshires. 
This is twice the number that would be ex­
pected if there were no influence of blood and 
serum systems on the traits being studied. 
Similarly at the 0 .0 1  probability level, some 
13 F-tests were significant while only three 
would be expected. The excess of significant 
F-tests was similar for the two sets of traits. 
If the blood and serum systems had no effect 
on these traits, the F values should have a uni­
form distribution with mean 0.50 and vari­
ance 0.0833. The over-all average in table 3 
was 0.40 (P<  0.01 ) for Durocs and 0.46 
(P=0.05) for Hampshires and the variances 
were 0.0861 and 0.0935, respectively. These 
deviations, together with the excess of signifi­
cant F-tests, indicate that the blood and serum 
system classifications were in some way asso­
rted with the traits being studied.
A useful summarization of the F-test results 
’•s given by the row and column averages of 
table 3. A row average reflects an average in­
fluence of a system on the array of traits being 
studied, while a column average reflects an 
average influence of the array of systems on a 
particular trait. When averaged over all traits, 
’“e C, H and J Systems in Durocs, and the E
and I i systems in Hampshires showed signifi­
cant (P ^ 0 .0 5 ) deviations. Two systems 
showed significance for productive traits and 
five showed significance for reproductive traits 
for Durocs. Corresponding figures for Hamp­
shires were one and four. Four traits showed 
significant deviations across systems (col­
umns) for Durocs, but there were none for 
Hampshires. The grand average was highly 
significant (P <  0.01 ) for Durocs and was sig­
nificant (P = 0 .05) for Hampshires.
How reliable is the F-test in one breed as a 
guide to the outcome in the other breed? The 
simple correlation of the F-test probabilities 
in the two breeds was 0.08±0.08, indicating 
a lack of consistency between breeds. In only 
five cases was there significance (P—0.05) at 
the same system-trait combination in both 
breeds. I t  appeared that differences in gene 
frequency in the two breeds had little effect 
on the consistency of F-test values across 
breeds.
The least squares constants of the effects 
of different phenotypes were also obtained in 
the analyses. These will not be reported in 
detail but are available on request from the 
authors. The size of the effects at the various 
systems can, however, be gauged from the F- 
test probabilities in table 3; the lower the 
probability level the greater the differences 
among phenotypes. As a guide to the size of 
the effects, the average range between the best 
and worst phenotypes in systems with signifi­
cant F-tests was about 0.21 standard devia­
tions for the productive traits and 0.35 stan­
dard deviations for the reproductive traits. 
Thus, there were substantial differences be­
tween phenotypes in some systems. However, 
where direct comparisons were possible be­
tween breeds, the effects of the phenotypes 
were consistent in sign in only about half of 
the cases. Because of this, less confidence was 
placed on the estimates than their sampling 
variances indicated.
The effects of two systems are shown in ta­
ble 4 , one showing consistent effects, the other 
inconsistent effects in the two breeds. At the 
H system the IT" allele was superior to the H" 
allele for weight in both breeds while the re­
verse was true for the reproductive traits. The 
H~ allele (in Hampshires only) was interme­
diate for both sets of traits. There were also 
large effects on reproductive traits at the E 
system in both breeds, but the array of pheno­
types was different in the two breeds. At the 
Tf system the T jK allele was superior to the 
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0.0 0.1 0 . 2  0 . 3  0 . 4  0 . 5  0 . 6  0 . 7
P R O B A B I L I T Y  L E V E L
0 . 8  0 - 9 1 . 0
Figure 1. D istribution of the probabilities for 300 F-tests. Expected 
num ber in each class (dotted line) was 30.
Durocs, but the reverse was found in the 
Hampshire breed. Several types of gene ac­
tion, including all levels of dominance (posi­
tive and negative) were found but none pre­
dominated. Hence, no generalization can be 
drawn about the distribution of gene effects 
for these blood and serum systems.
A third, and perhaps more general summary
T A B L E  4 . L E A S T  S Q U A R E S  E S T I M A T E S  F O R  P H E N O T Y P E S  A T  T H E  H  B L O O D  
G R O U P  A N D  T F  S E R U M  P R O T E I N  S Y S T E M S  d
Trait
4 2 -d a y  \vt. 
(k g .)
1 5 4 -d a y  \vt. 
( k g .)
Xu. born 
a liv e
X7o. a liv e  
a t 6 d a y s
NTo. a liv e  
at 42 d a y s
System Phen otypes D a D H D H D H D H
H a / a  
a / c  
c /c  
- / -  
a / -  
a / ?  
c / - .  c / ?
0 . 1 4 * *  
0 .0 9  
—  .2 3
—  ! o i  
0 . 1 0  
0 .0 6












—  .8 5
— .8 3 * *  
0 .1 7  
0 .6 6
—  ^20*
— . 56  
0 .7 6
—  .7 7 * *  
0 .1 5  
0 .6 2
—  ] 3 3 t
— ^43 
0 .7 6










— .1 5  0 .3 1 1—.04 0.01
—  . 0 4  — .0 1
0 . 1 9  — . 3 0
— 2 
0 .5 8  
0 .5 8  
1 .9 3
0 .8 1 *
0.86
0.86
- 1 . 6 7
- N o  s ig n ific a n t * e ffec ts  -




Least squares e s t im a tes  for o th er  s y s te m s  are a v a ila b le  o n  r e q u est from  th e au th ors.
1 ky F-test.
BLOOD AND SERUM PROTEIN SYSTEMS IN  PIGS Si!1 3 6 2
of the data, is the percent of the total variance 
that is explained by the blood and serum pro­
tein systems. The method used was described 
earlier and the results are given in table 5. 
The variance within litters for productive 
traits, and within periods for reproductive 
traits represented from 85 to 95% of the 
total variance in the various traits. For the 
productive traits little more than 1 % of the 
variance within litters was explained by the 
blood and serum groups. However, for the 
reproductive traits, lip to 1 2 % of the variance 
within periods could be attributed to the sys­
tems studied. Of this a large portion was due 
to only a few systems; the F-test probabilities 
(table 3) provide a guide as to how much 
variation the individual systems accounted 
for. In  the Duroc breed, for example, 6 % of 
the variance in the number of pigs alive at 6 
days could be attributed to the H system 
alone, while 1 0 % of the variance was ex­
plained by the G, H, J  and M systems collec­
tively. In the Hampshires, 6 .8 % of the vari­
ance was accounted for by the B system out 
of a total of 8 .2 % for the effects of all systems 
on the number of pigs born dead.
The least squares analyses for reproductive 
traits discussed so far used model (2). Model 
(3) was more restrictive, the analysis being 
within sire groups of darns having the same 
parity. However, this restriction more than 
halved the degrees of freedom available so 
that the least squares constants were measured 
with much less precision. With model (3), the 
systems explained a much smaller percent of 
the total variance than before, and the least 
squares effects were also smaller. However, the 
ranking of the phenotypes was similar with 
the two models. These results raise the ques­
tion as to the appropriateness of either analy­
sis, one having possible biases and the other 
lacking in precision.
Only a few studies are available on the as­
sociation of blood and serum groups with eco­
nomic traits in pigs. Baltzer (1964) analyzed 
relationships of 17 red blood cell factors with 
growth and carcass traits in progeny testing 
data in Germany. Of 1,122 t-tests, 9.3% were 
significant (P = 0 .0 5 ). Schrape (1966) worked 
with additional data from the same source 
and found, using a within sire analysis, that 
7.8% of some 2,654 t-tests were significant 
(P—0.05). If the level of significance is ad­
justed (e.g., Niemann-Sprensen and Robert­
son, 1961) to account for the large number of 
tests (since by chance, one in 2 0  might be ex­
pected to be significant at P ^ 0 .0 5 ) , very few
T A B L E  5 . P E R C E N T  O F  T H E  VARIAS® 
V V T T H IN  L I T T E R S .  O R  W I T H I N  P FR t™P E R I O D S '
E X P L A I N E D  B Y  A L L  T H E  BLO O D  AST) 
S E R U M  S Y S T E M S  S T U D I E D ”
I te m s
D u ro c
Standard  
(/a error
H a m p s h i - t
Stands 
% error
P r o d u c tiv e  tra its  
1. L e n g th  of life 0 . 2 0 . 4 — • 5 0.6
2 . B ir th  w t . 0 .2 0 . 4
5 . 4 2 -d a y  w t . 1 .3 0 . 5 0 . 6 O.ó
4. 1 5 4 -d a y  w t. 1 .2 0 .5 0 . 7  0.6
5. A v . b a ck fa t probe 1 .0 0 .5 1.3 0.6
R e p r o d u c t iv e  tr a its  
6 . N o . o f regressin g  
fe tu ses —  2 . 6 2 .5 - 1 . 0  3.6
7 . N o . born  dead 3 .7 2 .5 8 .2  3.6 I
8. N o . born  a liv e 1 0 .8 2 .5 7 .4  3.6
9 . N o . a liv e  a t 6 d a y s 1 2 .4 2 .5 3 .S  3.6
10 . N o . a liv e  a t 42 d a y s 3 .2 2 .5 5.3 3.6
a P er ce n t o f  v a r ia n ce  w ith in  lit te r  for productive traits,].: 
c e n t  o f v a r ia n ce  w ith in  p eriod  for rep ro d u ctiv e  traits. Variali:: 
w ith in  c la ss ific a t io n s  w a s 85  to 9 5 %  o f th e  total variation 
tra its .
significant effects remained. However, becai 
many of the traits were highly correlated, tli 
adjustment probably is too restrictive (s 
shown by the hypothetical case of repeated!;, 
running the same test on a set of data). h( 
the present study, using within-litter t: 
within-period analyses of larger groups ■ 
data, 12.6% of the F-tests were significai; 
(P ^ 0 .0 5 ).
There was little agreement between the dj  
fects of the blood group factors reported! 
Baltzer (1964) and Schrape (1966). Fore 
ample, Baltzer found effects of the M„ fact: 
on gain and efficiency in several sub-grot® 
while Schrape did not. In the work reports 
here, the effects of phenotypes rather than 
blood group factors were studied, but wk 
some comparison was possible (154-day wef 
and backfat probe), little agreement® 
either previous report was found.
The percent of the variance in traits 0 
plained by the blood and serum group syste, 
provides a guide to their usefulness in si 
tion (e.g., Smith, 1967). This percent« 
quite small (less than 2 % ) f°r the product 
traits indicating that these systems would 
of little value in the improvement of w 
traits. However, for the reproductive t® 
from 0  to 1 2 % of the within period varia, 
was explained using Model (2). Since) 
heritabilities of reproductive traits are 
( 5  to 15%), these systems may provide 
alternate means of improving reproduct 
performance. However, it is unexpected i 
unlikely that the genetic variance due 
these systems could be as large as the her 
bility (the total additive genetic varia®
u n l e s s
varianc
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unless much of the former was dominance 
variance which is not included in the herita-
bility estimates.
The most consistent effect found in these 
analyses was the large effect of the H system 
on reproductive performance, the range in 
performance between the best and worst phen­
otypes being about half a standard deviation. 
As” judged from the least squares constants, 
the estimated response from fixing the IT' 
allele in the two breeds would be to increase 
litter size by about one-half to one extra pig. 
This would be equivalent to about five to 10 
iterations of selection for litter size. How­
ever, if the H system does influence litter size, 
natural selection should already have fixed the 
W allele unless it is opposed by different se­
lection forces at other times in the life cycle. 
The small effect of the H e allele in decreasing 
weight for age seems unlikely to be large 
enough to balance natural selection for litter 
size.
In studies of association between blood 
groups and productive traits, often one or two 
factors or systems appear to have useful ef­
fects on the traits being studied. However, in 
subsequent analyses, such effects are often 
unconfirmed or even contradicted. For ex­
ample, Schrape (1966) did not confirm the 
earlier findings of Baltzer (1964) and Rausch 
rt d. (1967) in a study with cattle found 
effects of the BOjYrD' factor on fat percent­
age to be opposite in sign to those reported 
by Neimann-Sprensen and Robertson (1961). 
Therefore, the effects may be unreliable bases 
for selection, misdirecting the selection effort 
and decreasing the rate of improvement 
(Smith, 1967). The present results on the H 
system will need to be confirmed by other 
studies, especially since smaller effects and a 
decrease in the percent of the variance ex­
plained were found using the restricted model
(3). On the other hand, improvement of litter 
size by direct selection is likely to be slow and
the possibility of quick gains through the H 
system may be worth the risk of failure.
Sum m ary
Twelve blood and four serum systems were 
studied to determine their relationship with 
other traits in two breeds of pigs. Data were 
from 16,000 pigs in 2 ,0 0 0  litters involving 
429 sires. Thirteen percent of 300 F-tests 
from within group least squares analyses of 
variance, indicated significant (P ^0 .05 ) re­
lationships among blood and serum systems 
and the traits studied. Least squares estimates 
for phenotypes were not consistent between 
breeds, although some similarities were noted, 
and the effects found did not confirm the re­
sults reported in other studies with pigs. A 
major and consistent effect of alleles at the H 
system on reproductive performance was 
found. Less than 2% of the variance in the 
productive traits was accounted for by the 
systems collectively but from 0  to 1 2 % was 
explained in the reproductive traits.
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A  sp ecia lised  sire line o f  p igs, selected  prim arily  for low  backfat th ick ness, has been * 
d ev e lo p ed . T h e fo u n d a tio n  s to ck  w as from  a fou r-w ay  cross o f  British breeds. In su b ­
seq uent gen era tio n s  im m igra tion  w as a llow ed  in to  the line on  the basis o f  c a tca ss  m erit. 
Im m igrants w ere  m ated  to an im als in the line and their progeny com p eted  for selection  
with co n tem p o ra ry  a n im a ls. S e lec tio n  w as m ad e at around  180 lb live w eight on  u ltrason ic  
fat m easu rem en ts, th e in ten sity  o f.sc lcc tion  being a b o u t I in 8 for m ales and I in 3 for fem ales.
B ack fa t th ick n ess  decreased  p h cn o ly p ica lly  by 12 m m  (ab ou t 4 standard d ev ia tion s)  
in five g e n era tion s  (years) bu t then o n ly  decreased  sligh tly  in the last tw o  years. C om p ari­
so n s w ere m ad e  w ith  L arge W h ite  pigs' a t th e S tirling  T estin g  S tation  in 1967. T h ese  
sh ow ed  th at th e average  back fa t in th e sire lin e  w as 3 -4  m m  less than in Large W hites.
T h e co n tr ib u tio n  o f  d ifferent breeds a t present is app rox im ate ly : Large W hite  46% , 
L andracc 21% , W essex  3 % ,T am w orth  2% , L acom b c 3% , H am p sh ire 9 % ,and Pictrain 16% .
T he lin e  is b e in g  c o n tin u ed , w ith  further im m igra tion , bu t selection  on  feed efficiency has  
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OPTIMUM SELECTION PRO CED U RES IN  AN IM A L BREEDING
C ha rles  Sm it h |
A.R.C. Animal Breeding Research Organisation, West Mains Road, 
Edinburgh EH9 ?>JQ
S U M M A R Y
A simple expression relating the standardized selection differential (/') 
to the intensity of selection (p ) is given by
0-8 +  0-41 In ( R - l )
where R  equals I/p. This linear expression may allow simpler 
solutions to some optimization problems in selection than does the 
conventional formula for selection differential on truncation of the 
normal curve.
Using the expression, formulae for the maximum immediate response 
and optimum selection intensity in mass selection have been 
developed, taking account of the loss in performance through 
inbreeding. These formulae were used to study the effect on response 
of the total number of animals tested. The maximum response over 
a specified period of time, allowing for the loss in genetic variance 
from inbreeding, has also been considered. The optimum intensity of 
selection may then be well below that necessary for the maximum 
immediate response.
IN T R O D U C T IO N
In designing and comparing animal breeding plans, the optimum selection 
procedure for each plan is often required. Genetic response is usually taken 
as a function of the selection differential achieved and of the accuracy of 
selection (Lush, 1945). This paper presents an empirical linear relation 
between the intensity of selection and the selection differential and demon­
strates the use of the expression in several selection problems.
S E L E C T IO N  D IF F E R E N T IA L S
Assuming truncation selection in a normal distribution, the selection 
differential (/), in standard units, is the ordinate (z) at the truncation point (x) 
divided by the proportion (p ) selected. Values of this quantity are available 
in many statistical texts and papers and are graphed in Figure la , plotting
fPresent address: Department of Human Genetics, Edinburgh University.
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the selection differential against the logarithm  of R, where R  equals 1 ¡p 
This graph can be made linear (Figure lb ) over a large part of the range in 
r  by changing the scale o f the abscissa to  log R — 1. The empirical 
relationship is then:
i =  0-8+0-94 log C R -1)
=  0-8 +  0-41 In ( R - l )  (1)
i a good linear relationship holds over a range o f selection intensity from
j 1 in 1-5, (p =  0-67) to 1 in 200 (p  =  0-005), with errors of less than
I 5 % of the tabular values of (i). The expression (1) overestimates the selection
i differentials at very intense levels o f selection, and underestimates them at
■ very low intensities of selection ( p > 0-67).
The advantage of expression (1) in optimization work is that the algebraic 
1 differential (di/dR =  0-41/(i?— 1)) is simpler than the conventional form for
■ (j), (di/dp =  — (i—x)/p). I t  is also simpler than if  p  were used in expression
■ (1), {di/dp =  —0-41/p(l — p)). Thus use of R  and expression (1) may lead
; to simpler algebraic solutions to optimization problems in selection than do
: the other two forms.
Approximate solutions provided by expression (1) may be sufficient for 
l the purpose of evaluating different selection schemes. In  fact, once the
=; general area of the solution is determined, a more accurate empirical equation
o j for that area can be derived and a more precise solution obtained.
Ci ;
‘a 1
c A PPL IC A T IO No :
Ah As an example of the use of expression (1) in a specific animal breeding 
li ; problem, the optimum balance o f the two sexes in testing and selection is 
considered for mass selection.
With a fixed number T  o f testing places available, there will be some 
optimum allocation o f places between males and females and some optimum 
•f selection intensity in each sex. I f  the facilities are very limited only a
| . proportion of males required for breeding may be tested and selected (Case
sp 1), the remainder being chosen from  untested males. As testing facil-
j i ities increase all males will be tested and a proportion of the females 
|  j required for breeding will also be tested (Case 2). Finally, if  testing facilities 
are large all males and all females required for breeding will be tested (Case 3). 
Let the following symbols represent the testing and selection situation:
I : Males Females
g
[L Number required for breeding s sd
Number selected for breeding m f
Proportion selected among those tested 1/A i l / * 2
Number tested m R t f R 2
Case 1. If testing facilities are very limited, males will have priority in testing 
and it will be better to use untested males than  to use tested males which are 
below average. The num ber tested (T ) then equals m R x and the response to 
mass selection is:
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This can be shown to be a maximum when the num ber selected for breedins 
m  is half the number tested T. This result holds until m  exceeds s, the number 
required for breeding, when Case 2 applies.
a
Case 2. All males required for breeding will now be tested (m =  j) and t
a  proportion of the females will also be tested and selected, so thai 
T  =  sR 1+ fR 2- The response to mass selection is then: <
\n r  o 0-8 +  0-41 l n ^ i  —l) + j£  (0-8 +  0-41 ln(f?2 - l ) )
R 2 can be expressed in terms of R l and / ,  the other two unknowns, and 
substituted in the above expression. Differentiating with respect to R{ and 
to /  and setting the partials equal to zero gives the simultaneous equations:
(R 1- l ) / d = ( T - s R l - f ) / f  
In [ ( T - s R . - f ) / / ]  =  ( T - s R J K T - s R , - / ) - 0-8/0-41 
Substituting (2) in (3), solving fo r / and re-substituting in (2) gives:




T hat is, as testing facilities ( T ) increase, the selection intensity in males wil Fig
increase from 1 in 2 (Case 1) until it becomes 1 in (d + l ) and readies: 
plateau. This is because further responses in males are then less than the 
responses from  testing a proportion of the females required for breeding.
A t this stage, females will start to be tested, selecting them at an intensity 
o f 1 in 2. This state of affairs continues as T  increases, testing T -s(d \  1) 
females, until all females required for breeding can be selected. When this 
level is reached the proportion of the testing places allocated to males wil 
be (d + 1 )/(3 d + 1). Further testing of males may now become worthwhile and on i 
Case 3 applies. timi
(iii)
Case 3. All males and all females required for breeding are now tested si ever
that T  — sR x + sdR z- The expected response can be expressed as before ani in tl
maximized, whence the solution
(i ) i  
I
is obtained. The intensities of selection in both males and females wil diffe 
now increase as T  increases. The proportion of testing places allocated are r 
to  males will be \ —s(d—Y)IT. As T  becomes large relative to s andl i ne :  
the optimum allocation to  males will tend to one half and the selectio; may 
intensity in males (2 s/T) will be d  times as intense as in females (2ds/T). maxi 
An example of the application of these results is given in Figure 2 fe selec
the situation where 10 males (s) and 50 females (sd) are required for breeding The
W hen less than 60 test places [s(<i4-1)] are available, only males will be tested inbre 
W hen the number of test places available is between 60 and 160 [s(3i/4l)i select 
the intensity of selection in males will be 1 in d + l ,  and some females si net g; 
be tested and 1 in 2 selected for breeding. The proportion of test place 
allocated to males thus falls and reaches a minimum of 0-375 if  160 pM 
are available. As more test places over 160 become available the select® where
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intensity in both males and females increases and the proportion of places 
allocated to males gradually increases again towards one half. The graph 
for the expected genetic response, also shown in Figure 2, is fairly smooth 
and does not reflect the underlying changes in the allocation of testing places 
between the sexes.
F ig u r e  2. Balance of sexes in testing: allocation of test places, proportion tested and 
selection intensity for each sex, and the overall genetic response [10 males (s) and 
50 females (sd) required].
OPTIM U M  SELECTION PROCEDURES
Three related problems of general interest in selection are now studied 
using expression (1). These are (i) the optimum selection intensity for 
maximum immediate response, (ii) the effect of the num ber o f animals tested 
on response and (iii) the maximization of response over a specified period of 
time. Allowance is made for the loss in performance on inbreeding and in 
(iii) the loss of genetic variation due to inbreeding is also considered. How­
ever, any additional loss o f genetic variation from selection is not considered 
in these studies.
(i) Maximum immediate response 
In any breeding plan the response will be proportional to the selection 
differentials achieved. However, with more intense selection fewer animals 
are retained for breeding, thereby reducing the effective breeding size of the 
line and increasing the rate of inbreeding. Extra gains from intense selection 
may thus be offset by greater losses in performance due to inbreeding. For 
maximum immediate response there will thus be an optimum intensity of 
selection and this will vary as the total num ber of animals tested (T ) changes. 
The optimum may be determined if  a linear reduction o f performance on 
inbreeding is assumed. For mass selection in males, with T  tested and T/R  
selected, the rate of inbreeding is approximately R /8T  (Lush, 1945). The 
net gain with a selection intensity (p ), equivalent to l/R , is then:
ih 2a[0-8 +  0-41 In (R  — 1)] — D.R/&T (4)
"here D is the change in performance per unit o f inbreeding (F).
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The response will be a maximum when : pr0I
/ I  \  , 8  T  expi
( i - l )  = ( * - ! )  =  0 4 1 . ^ . -  (5, Figt
Thus the optimum selection intensity and maximum immediate response can 
be found. Selection should be more intense if the total number tested (i| 
is large and if the heritability is high, and less intense if  the inbreeding loss 
(D ) is large. The selection response will depend on the additive genetic 
variation and covariation o f the tra it concerned. The inbreeding depression 
will arise from non-additive genetic variation and covariation. This mat 
refer only to the selected (and correlated) traits, bu t in general the depressioa 
of overall economic performance on inbreeding should be used.
Equation (5) provides an interesting and useful general result. For given 
values of h2 and D, the term (R  — 1)/T  will be constant, so tha t if  R  is not small 
the number of animals selected T/R  will also be constant. A  similar result 
was obtained by Robertson (1960a) for progeny testing. Thus, as the number 
tested varies, the intensity o f selection varies but the number of animals 
selected is unchanged. For example, with h2 =  0-5 and D = Aa (2a at 
F  =  0-5), the optimum selection intensities if  1000 or 200 animals were tested
cases five males would be selected.
corresponding selection differentials for different values o f k  can be read of
differentials (dotted lines), which would result if no change was made inf 
number of animals selected (same level o f inbreeding), only when Rot I; 
are small. The converse of these results applies, of course, for proportional 
increases in the number of animals tested.
The loss in performance through inbreeding for k T  animals tested become; 
[on substituting for D /T  using equation (5)]:
grap
would be equivalent to 1 in 200 and 1 in 40 respectively. However, in boti t
efficien 
t M
(ii) Number tested and response
The form ula for optimum selection intensity in mass selection can be used Th
to study the effect on immediate response of varying the number of animal greatl;
tested. The changes in selection differential, in inbreeding loss and in nel tested
selection response are examined in turn. tested
I f  instead of testing T  animals, a proportion k  o f T  are tested then from 
expression (5) above, „
(Rk- l )  =  k ( R - l )  fro
owhere the new optimum selection intensity (pk) is equivalent to 1 /Rk. The g*
' 2-0
Figure lb  and are shown in Figure lc. These differ from the selectioi z
F ig u r e  :
a constant am ount and a term depending on k.
Substituting for D, from expression (5), the response with kT  teste; 




In k + [ (k — 1)/£ (R — 1)] (iii) Cu
l+ ln ( R —1) —[1/(R —1)] Anj
This expression could also be given in terms of T  and D, but the form is 1® nr>medii 
concise than with R. As before, the converse o f these results applies fa selectioi















proportional increases in the number of animals tested. Values of the full 
expression (6 ) are given in Table 1, and the expected responses are shown in 
Figure 3. The net responses are less than indicated by the selection differential 
oraphs (Figure 1) since the latter do not include a term  for inbreeding loss.
TABLE 1
Efficiency o f  selection i f  the number tested is a proportion (k ) 




Proportion (k)  tested
A(
(T) tested 0-5 0-2 01 005
1 in 5 56'1 (69)J — —
1 in 10 74 (80) 33 (45) —
1 in 20 81 (85) 53 (62) 29 (39)
1 in 50 85 (89) 65 (73) 49 (58) 30 (40)
1 in 100 87 (91) 70 (77) 57 (66) 43 (52)
1 in 200 89 (92) 74 (81) 63 (71) 51 (61)
1 in 500 90 (93) 78 (84) 68 (76) 58 (68)
1 in 1000 91 (94) 80 (86) 71 (79) 62 (72)
t Evaluation of expression (6) in text. (Note: for increases in number tested, k> 1, 
efficiency of selection is less than reciprocals of tabulated values.)
} Maximum efficiency, ignoring inbreeding loss.
The effect on response of changing the num ber of animals tested depends 
greatly on the initial optimum intensity of selection. If  this is high the numbers 
tested may be reduced w ithout great losses in response. But if the numbers 
tested are reduced too far, or if the initial optimum intensity was low, the
F ig u r e  3 . 
pared
Response from optimum selection ( p =  — j  when T  animals are tested, com- 
with those when only a proportion (/c) of T  are tested.
responses may fall off substantially. Later on, expression (6 ) is also used to 
teste; exam*ne the effects of partitioning a set o f testing facilities among several 
different lines.
((I (iii) Cumulative response
An important deficiency of the above sections is that they deal only with 
n isles '^mediate response and ignore the losses in genetic variation following 
jliesfa Action and from inbreeding. In  fact few authors have considered these
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effects in their work on optimum testing and selection procedures. The eval
g i h 2a [0-8 +  0-41 ln ( t f - l ) ]
1 2 ' 8 T





1 6 . r  ■
( 9 - 1)
v a r rlosses in genetic variation are cumulative over time, so that the net response 
from selection will decrease in each successive generation. There is thus info
likely to be an optimum selection intensity which will maximize the total forn
response up to some specified time. 0f s,
The genetic variance within lines following inbreeding is approximate]} gene
(1 — F)li2o2, where F  is the inbreeding coefficient. The effect of selection ° S
on the genetic variation of a character depends on the number of loci involved inter
on the effects and frequencies of their alleles and on linkage, and is difficult at pi
to  formalize. The treatm ent here is thus restricted to quantitative characters biolc
controlled by a large number of loci so that changes in gene frequency brought rate i
about by selection will have little effect on the genetic variance. Any change and i
in phenotypic variance is also ignored. W ith these restrictions, the tota in th
response (for mass selection in males) up to the grth generation can be written by en 
a s : a bal;
fir- 1  R the re 
s h o u l
im p o i
where the terms represent the selection differential, the cumulative loss of near 
genetic variance and the loss in performance due to inbreeding. Differential' intent
ing with respect to R, setting the result to  zero and simplifying gives tit Be
equation: ingwi
10 D  For e
— ln(i?—1 ) -  ■ + 3  line c
intens
The value of R  — 1 which satisfies this equation, and maximizes the tota! 
response over g generations, can easily be found using In tables. Taking ft se*eeti
case considered earlier (T  =  1000, D  =  4cr, and h2 =  0-5), the maxim® t0 ta^
total response up to 1 0  generations would be when the intensity of selectio: crossir
is 1 in 110 (9 sires retained), and up to 20 generations when the intensity of 
selection is 1 in 75 (14 sires retained). These results correspond to a selectioi 111 s su
intensity of 1 in 200 (5 sires retained) when only the immediate respom; )̂< 01
w ith inis considered. The effect o f increasing the number of generations u 
considered is thus to reduce the optimum intensity of selection, but I  >educe 
relation between g and R  is not a simple one. Since the loss of geneti: 
variation from selection is likely to be greater than the loss o f genetic variatio: '̂ne- 
from  inbreeding, the optimum selection intensity and rate of response woft F l  s 
probably be even further reduced. Since the param eters may c h a n g e  will m™ ts 
selection, the value of the optimization procedure may fall as the num berci Sl+ Fni 
generations (g) is increased. For maximum response over a very long perio: mclex Cl 
of time, the optimum selection intensity is known to be one in two (Robertson, resP °n s  
1960b). Af umi





The empirical linear expression for the selection differential appears!: 
offer a useful simplification in the solution of several selection problems 
In this paper, most of the problems studied have referred to the simple os requirec 
of mass selection in males. W ith indirect or family selection, or with ifflte the gene 
selection, the solutions will be more complex, but expression (I) maysf then the 
allow some simplification. Of course empirical results can be obtained : in each
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tained :
evaluating the complex expressions by computer, for ranges o f relevant 
variables in selection. Indeed the response surfaces may be more useful and 
informative than are the optimum points themselves. The value o f the 
formulae and solutions given here is to  provide some basis for discussion 
of selection problems and to  indicate both  the critical variables and the 
general form of the results.
° Selection for maximum immediate response is likely to require more 
intense levels of selection than are common in livestock breeding schemes 
at present. There are several reasons for this. In  practice, there may be 
biological or practical limits on selection intensity, for example if  reproductive 
rate is low. Short-term responses are im portant in competition among stocks 
and among breeders, but they are achieved at the expense of further responses 
in the long term. Animal breeders seem to have rationalized this dilemma 
by empirically setting levels o f inbreeding which are tolerable and will permit 
a balance between immediate and long-term gains. This may correspond to 
the result found for immediate response, that a constant number of animals 
should be selected, irrespective o f the number tested. However, it is 
important to establish whether the empirical levels set on inbreeding are 
near optimum and to study how the optimum levels are affected by the 
intended length of the breeding programme.
Both the loss in performance and the loss o f genetic variation on inbreed­
ing will be involved in determining the response, but only one may be critical. 
For example, if the loss in performance (overall merit) were recouped on 
line crossing, inbreeding losses within lines could be ignored and very 
intense selection used. However, the loss in genetic variation due to rapid 
inbreeding would then become im portant and more moderate levels o f 
selection would be indicated. The possibility of selecting several sub-lines 
to take advantage of differential rates of response among lines (and by 
crossing, avoid losses from inbreeding) is sometimes advocated. This may 
be useful, but only in the short term. The selection intensity and response 
in s sub-lines could either be reduced to keep the same rate o f inbreeding 
(F), or maintained as in a large line so increasing the rate of inbreeding 
within each sub-line to sF. In  the latter case, losses in genetic variance may 
reduce further responses, while new lines formed by crossing the original s 
sub-lines would have the same level of inbreeding (sF/s) as in a single large 
line.
In selection there may be different economic goals or different environ­
ments to be accommodated. Will it be more efficient to select individual 
sub-lines to satisfy individual requirements or to select in a single line on an 
index combining the various sets o f requirements and to rely on the correlated 
responses? Expression (6 ) provides some guide to a solution of this problem. 
Assuming that the heritabilities of the different requirements are equal, 
selection in a single line will be the more efficient procedure when the average 
genetic correlation (fc) o f the index with the various sets of requirements is 
greater than expression (6 ) (evaluated in Table 1). As the selection intensity
(1IR) possible in a single line decreases and the number of sub-lines ^ j
required increases, so the critical value of rG also decreases. Of course, when 
the genetic correlations among sets o f requirements are low, zero or negative, 
then there is no alternative to distinct sub-lines, although the rate of response 
in each will then be lower.
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Heritability of liability and concordance in monozygous twins
B y  C H A R L E S SM ITH
Department o f H u m a n  Genetics, Edinburgh University,
W estern General H ospital, Edinburgh
Falconer (1965) p resen ted  a  m eth o d  of m easuring th e  correlation betw een relatives for a 
disease from data  on th e  incidences of th e  disease in  th e  general popu la tion  an d  am ong relatives 
of affected individuals. The m odel assum es an  underly ing  continuous liab ility  to  a  disease, th e  
liability being m ade up  of m any  genetic an d  environm ental factors an d  th u s  norm ally  d istribu ted . 
The disease becomes m anifest if  an  in d iv id u a l’s liab ility  exceeds a critical threshold  level. The 
derived correlation betw een  re la tives m ay  be used, in  th e  absence or elim ination of com m on 
familial environm ental facto rs, to  provide a n  estim ate  of th e  h e ritab ility  of liability  to  th e  
disease.
Two sources of bias rem ain  in  F a lco n er’s (1965) m ethod  of estim ation. These arise because 
affected individuals (those exceeding th e  th reshold) form  a  tru n c a te d  group w ith  a  skewed 
distribution. Thus th e  variance  o f liab ility  am ong th e ir  re la tives m ay  be reduced an d  th e  
distribution of relatives m ay  be skewed. F alconer (1965) suggested th a t  these biases w ould be 
small, but pointed ou t (Falconer, 1967) th a t  th e  skewness could bias estim ates of heritab ility  
of liability in m onozygotic (MZ) tw ins, giving estim ates w hich are  too  high.
Edwards (1969) overcam e th e  difficulties of skewness an d  reduced variance by  using te tra -  
choric functions for b iv a ria te  n o rm al d istribu tions. H e presen ted  a g rap h  which relates popu la­
tion incidence and  incidence in  re la tives of affected individuals for any  correlation betw een 
relatives in liability. H is resu lts  show  th a t  F a lconer’s original m ethod  gives estim ates of h e r it­
ability which are ab o u t o n e-ten th  too  low. In  th is  paper E d w ard s’s results are confirm ed an d  
extended, using a  different app roach  to  th e  problem . T hen  th e  genetic in te rp re ta tio n  of con­
cordance rates in  MZ tw ins is exam ined  in  th e  ligh t of th e  theore tica l results obtained.
M E T H O D S
The problems of skewness an d  of reduced  variance, inheren t in Falconer’s m ethod, arise 
because a trunca ted  (affected) p a r t  o f th e  popu la tion  is chosen. These disappear w hen the  
population is considered as a  whole.
The model used assum es a  no rm ally  d is trib u ted  liability'' and  absence of fam ilial env iron­
mental factors, so th a t  th e  correlation  (r ) in  liab ility  betw een relatives equals Rli2, th e  genetic 
relationship m ultiplied b y  th e  h e ritab ility  of liability . The m ethod  of solution was to  generate 
an ordered series of genetic classes from  a  norm al d istribu tion . T hen from  each class, an d  for 
different levels of incidence an d  h e ritab ility , th e  p roportion  of relatives exceeding the  th reshold  
'due was estim ated. Pooling th e  proportions for all genetic classes, a set of graphs or tables 
m  derived giving th e  correlation  (or heritab ility ) corresponding to  any  com bination of in ­
cidences in the popu lation  an d  in  re la tives of affected individuals.
The details of th is  m eth o d  are  show n in  Table f (p. 8 8 ). The incidence (qP) in  th e  popu la tion  
»pecifi.es the threshold p o in t (T ). Given th e  h e ritab ility  (h2), the  genetic variance and  d istribu tion
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of liab ility  in  th e  p o pu la tion  are know n. The frequency ( f{) of th e  i th  genetic  class, its mean foi
deviation (x t h) an d  th e  m ean  deviation  {R x ji)  o f its  re la tives from  th e  original mean and» tio
from the  th resho ld  po in t (T ) can be found. T hen  tak in g  accoun t of th e  respective residual 
variances, the  p roportions of each genetic class (H,-), an d  o f re la tives (i3'), exceeding the threshold 
can be estim ated . Com bining th e  p roportions for all genetic classes, th e  incidence (qB) in 1 4  
tives of affected individuals is obtained.
The various calculations w ere done by  com puter using th ree  subrou tines to  evaluate functions 
of the  norm al curve: (1) to  get th e  m ean  an d  frequency  in  each o f 40 equally  spaced genetii 
classes (from —4 to  + 4  s tan d ard  dev ia tion  units), (2 ) to  calculate th e  dev ia te  (x) given flu 
incidence (q), using a  com plex algorithm  from  H astings (1955), a n d  (3) to  find the  value of 
given x, by  accum ulating  th e  frequency  of classes exceeding x. A w ide range of values for inci­
dence, h e ritab ility  an d  genetic re la tionsh ip  w as used.
RESULTS
The resu lts confirm  those of E dw ards (1969). T hey  are p lo tte d  in  Eig. 1, to  correspond! 
form  w ith  F a lconer’s original g raphs an d  to  allow m ore accu ra te  read ings th a n  are possibl; 
from  E dw ard s’s paper. The equivalence w ith  E d w ard s’s g rap h  shows th a t  th e  results clepen: 
on the  correlation  (?•) betw een relatives in liability . This w as confirm ed in  th a t  th e  same result 
were alw ays ob ta ined  for a given value of r, equal to  R h 2, for d ifferent com binations of B and!.
In  the  absence o f env ironm ental sim ilarities am ong rela tives, th e  graphs in  Fig. 1 are tto 
general for all coefficients of re la tionsh ip  (R) b y  choosing th e  line for r equal to  R h2. Howeye, 
the  com position of th e  genetic variance m easured  b y  th e  h e ritab ility  w ill differ for differed 
re la tiv es; including all th e  add itive  variance b u t differing proportions of th e  dominance ai 
epistatic  variance for different genetic re la tionsh ips (e.g. F alconer, 1960).
Incidence in  re la tives m ay, by  sam pling, be less th a n  th e  p o pu la tion  incidence. This word; 
give rise to  negative estim ates of h e ritab ility  of liab ility  as show n in Fig. 1. These should 1 
included w hen pooling estim ates, since tak in g  only positive  estim ates will b ias th e  overall if®
The variance of estim ates of th e  correlation  (or heritab ility ) will depend  largely  on the variais 
of the  estim ate  of incidence in  relatives. This variance, V  (log10 qR), is 0-189/A on the  log10sal: 
of Fig. 1 , w here A  is th e  num ber of affected relatives. T hus th e  variance  of a  correlation estima!- 
can also be read  sim ply from  Fig. 1 . F o r exam ple, w ith  five affected re la tives, the  stands 
error of log10 qR is ^/(0T89/5) =  0-194. This is equ ivalen t to  0-95 cm. on th e  ord inate  of Fig 
since 4-9 cm. cover one log un it. A t qP = 0 -1  % , 1 - 0  %  an d  1 0  %  respectively  th e  standard e® 
of a  h eritab ility  estim ate  of 0-5 from  first-degree rela tives w ould be, from  Fig. 1, approximate;
0 -1 0 , 0-16 and  0-32, corresponding w ith  th e  values ob tained  b y  F a lco n er’s (1965) formulae.
The sim ple geom etrical p a tte rn  of th e  lines in  Fig. 1 provides a good algebraic a p p r o x i m a t i  
(to w ith in  5 % ) o f th e  values of th e  correlation  (r), nam ely :
F
ta n  (1  — ?•) (1  +  r5)J =  log qR\log qL,
and solving for r. The fifth-degree te rm  can be o m itted  unless r exceeds 0-5; th a t  is, wham 
situation  refers to  MZ tw ins for diseases w ith  h igh h e ritab ility . 1° d
A nother useful expression can ad ju s t th e  ta b u la te d  correlations (01* heritabilities) if1 c
patien ts represen t one popu la tion  (A ) an d  th e  re latives are  d raw n from  an o th er population (i for re.
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f o r  e x a m p le , with regard to sex or age. From Fig. 1 an estimate (rt) is obtained, using the popula­
t io n  incidence for B and the incidence of relatives for B. The adjusted correlation is then simply
r / ( lo g g p f l ) - ! ] 
' l ( l ° g g p j - l l
Population incidence (%)
Fig. 1. G raph of th e  correlation  (r) in  liab ility  betw een relatives, given th e  population  incidence 
and the incidence in re la tives o f affected individuals. ( In  th e  absence of environm ental sim ilarities 
between relatives r equals R h 2, th e  coefficient o f relationship  (R) m ultiplied by  th e  heritab ility  of 
l¡: liability (A2)).
To check on the accuracy of this expression, the expected incidence was calculated for relatives 
111B of patients in A, using the same methods as before and merely changing the threshold level 
(f for relatives (Table 1) to that for incidence in B. The expression proved very accurate and could
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ad just th e  correlation  (or heritab ility ) for large (up to  100-fold) differences in  incidence to 
w ithin 5 %  of th e  tru e  value. F o r exam ple, if  R  =  0-5, hf = 0-5, qPA =  0-1 % , qPB =  1-0%or 
10%, th en  qRB w as found  by  com puter to  be 6-2% an d  32-5% , respectively , giving th e  corresp®. 
ding tab u la ted  h e ritab ility  values of 0-65 an d  1-00. U sing th e  above expression, the  adjusted 
heritabilities becam e 0-49 an d  0-50 respectively .
The resu lts in  Fig. 1 also app ly  to  MZ tw ins, if  com m on env ironm en ta l effects are absent oi 
can be elim inated. The incidence in  co-tw ins is usually  expressed as a  concordance rate (tk 
proportion  of co-tw ins affected for each tw in  indep en d en tly  ascerta ined) an d  can be read of 
Fig. 1 for different levels of h e ritab ility  an d  pop u la tio n  incidence. To bi’ing o u t a  striking feature 
of the  results, th e y  are  show n in  an o th e r form  in  Fig. 2. I n  th e  absence o f environm ental simi­
larities, concordance ra te s  in  MZ tw ins will n o t be expected  to  be h igh  unless th e  heritability 
is very  high (or th e  popu la tion  incidence is very  high). F o r exam ple, in  a  disease w ith incidence 
of 1 % in th e  general population , th e  expected  concordance ra te s  in  MZ tw ins would only 1* 
abou t 13 % if  th e  h e ritab ility  w as 50 %  or ab o u t 37 %  if  th e  h e rita b ility  w as 80 % . Thus a low
Table 1. Parameters used in  the evaluation o f incidence in  
relatives o f affected individuals
(Population  incidence, qp; threshold , T ;  he ritab ility , h3; genetic relationsh ip , R.)
Genetic class (i) Ind iv iduals R elatives
G enetic m ean x j i R x th
F requency f i f i
R esidual variance i  - h 3 i —R 3li2
M ean deviation  from  th e  threshold  
P ropo rtion  exceeding the threshold
T - x J i T - R x j i
s ! P - h 3)
P i
V-
V (i - R 3h 3
P f
.-------------------- >
Incidence in  relatives of affected ind iv iduals 'E if iP iP 'f ff t f iP i
I i T
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concordance ra te  in  MZ tw ins cannot be ta k e n  to  prove th a t  th e  h e rita b ility  is low. High ffi (¡on 
concordance ra te s  m ay  ind icate  e ither a very  h igh  h e ritab ility , or th a t  com m on environments! on]y 
factors are im p o rtan t. These a lternatives m ay  be resolved, as in  conventional tw in analysis ]lerpp
(e.g. K em pthorne  & Osborne, 1961), b y  com paring estim ates of correlations in  liability fe 
MZ tw ins, for dizygotic tw ins (DZ) and  am ong full-sibs. F o r exam ple, th e  expression 2(rj¥Z-%) anah 
estim ates th e  heritab ility , while th e  te rm  (2rDZ-rMZ) estim ates th e  im portance  of cornu* ?j îa 
environm ental effects in  tw ins. some
A good exam ple of th e  dilem m a posed by  finding low MZ concordance ra te s  b u t high bent- rpp 
ability estim ates from  o ther re la tives is given b y  clubfoot (talipes equinovarus). Ching, Chi® siden
& Nemechek (1969) concluded th a t  inheritance w as m u ltifac to ria l w ith  a heritability i,! empii 
liability of 0-68. W ynne-D avies (1970) found an  estim ate  of 0-60 for h e ritab ility  of clubfoot prese; 
using B ritish  d a ta . H ow ever, th e y  quote, as anom alous w ith  th e ir  resu lts, d a ta  of Idelbergtr ^  
(1939) on 174 tw in  pairs (40 MZ an d  134 DZ) w ith  a t  least one m em ber of th e  pair liavini tliresl 
clubfoot. The concordance ra te s  were 33 %  for MZ an d  3 %  o f DZ pairs. T ak ing  th e  populati# disea5 
incidence as 0-12%  in Caucasians, estim ates o f h e ritab ility  of liab ility  from  Idelberger's d*1 redefi
are: from  MZ 0-83 + 0-06, Tllt
from  DZ 0-78 + 0-16, the m
from  2 (rM Z- rDZ) 0-88 + 0-34. hen i
Thus the MZ concordance ra te  is n o t to o  low an d  anom alous w ith  th e  o ther d a ta  b u t  is as 
expected (or ra th e r high) for m u ltifac to ria l inheritance . A sim ilar resolution of a p p a ren tly  
conflicting data  from  tw ins an d  from  o th e r re la tives m ay  be possible for o ther diseases; for 
1 example, for schizophrenia (G ottesm an  & Shields, 1967).
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Heritability of liability (%)
Fig. 2. Expected concordance ra te  in m onozygotic (MZ) tw ins given th e  population  incidence and
th e  h eritab ility  o f liability .
D ISC U SSIO N
In comparison w ith  Fig. 1, F a lco n er’s (1965) g rap h  an d  form ulae underestim ate  th e  correla- 
® tion between relatives b y  a b o u t 10%  o f th e  tru e  estim ate . Thus, in absolute units, th e  b ias is 
't,: only important w hen th e  correlation  is high. The anom alous situ a tio n  of overestim ation  of 
iif heritability in MZ tw ins, discussed b y  Falconer (1967), arises only w hen th e  correlation betw een 
'■ MZ twins is very  high (over 0-9). F a lco n er’s (1965) original m ethod  m ay still be useful in  m any  
M analyses where th e  p resen t m ethods a n d  resu lts  are  difficult to  apply— for exam ple, in  com plex 
*  situations involving degree o f severity  or onset age or an y  p a rtitio n  of th e  affected group b y  
some measure of liability .
II The abrupt th reshold  m odel h as  been criticized as unrealistic  an d  E dw ards (1969) h as  con- 
11 sidered an a lte rna tive  of a tta c h in g  a risk  function  to  a  norm ally  d istribu ted  liability . The
' empirical risk function  used, how ever, ten d s to  infin ity  a t  the  lim it ra th e r  th a n  to  un ity . The 
01 present approach shows how  th e  th resh o ld  model im plies a norm ally  d is trib u ted  genetic liab ility , 
F with a cumulative norm al risk  function , determ ined  b y  th e  popu lation  incidence (setting  th e  
JL threshold) and by  th e  h e ritab ility  (determ ining th e  residual variance in  a  genetic class) o f
III ^ease. The ab ru p t th resho ld  is th u s  conceptual ra th e r  th a n  real and  m ay  be avoided  by  
i’1 redefining the variance an d  risk  function.
fhe improved estim ates o f he ritab ility  of liab ility  should n o t obscure possible deficiencies of 
tlie model in sum m arizing d a ta  on p o pu la tion  an d  fam ilial incidences of a disease. These have 
been well discussed b y  E dw ards (1969) an d  others. The m ethod  appears to  be ro b u st in  p ractice,
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and reasonable estim ates of lie ritab ility  have been ob ta ined  for several diseases (Carter, 1969) jv 
I t  thus provides a useful too l in  u n derstand ing  an d  utilizing  in fo rm ation  on multifactorial 
disease. H ow ever, because its  app lica tion  is sim ple, th ere  is some danger th a t  th e  method mav ^
be used uncritically  an d  indiscrim inately . F o r exam ple, few au th o rs  have  tr ie d  to  estimate® Ha
elim inate th e  effects of environm enta l sim ilarities am ong relatives, a n d  these  m ay  be important,
A feature  of F a lconer’s (1965) m odel is th a t  i t  is descrip tive ra th e r  th a n  analytical. By com- <
Lin in g  d a ta  on m any  fam ilies genetic he terogeneity  m ay  be m asked  ra th e r  th a n  elucidated, K,':
However, i t  m ay  be possible to  deduce th e  underly ing  genetic basis of a  disease— for example, 
by  com paring h e ritab ility  estim ates from  d ifferent k inds of re la tives. T hus, if  heritably Wi
estim ates were larger from  sib d a ta  th a n  from  p a re n t or offspring d a ta , th e n  recessive allele 1
a t one or several loci m ight be ind icated . Some reso lu tion  of he terogeneity  m ay  also be possible 
by  partition ing  a  condition  in to  different classes b y  some criterion. A m easure of effective» 
of a  p a rtitio n  is given by  th e  genetic correlation  betw een  classes, w hich ten d s to  zero as distinct j 
classes are identified. The h e ritab ility  of th e  com bined condition  w ill be less (not greater as! 
E dw ards (1969) suggests) th a n  th e  w eighted  average of th e  h eritab ilities  in  th e  separate classes.
The reverse applies if  th e  partitio n  does n o t separa te  different genetic  classes w ith in  a condition 
M orton et al. (1970) have exam ined th e  add itive  continuous m odels o f F alconer (1965) and 
E dw ards (1969), incorporating  te rm s for consanguinity . T hey  have  also p resen ted  a discon­
tinuous T o ad ’ model w hich takes account o f loci w ith  add itive  effects an d  also of rare loci witt, 
large non-add itive effects. T hey found th a t  th e  d iscontinuous m odel gave a  good fit more often 
th a n  the  o ther tw o models w hen te s ted  on several sets of d a ta , w hich included incidences in| 
different k inds of re la tives an d  in  consanguineous m arriages for several fam ilial diseases. How­
ever, all models gave sim ilar estim ates of recurrence risks.
S U M M A R Y
R esults from  h eritab ility  o f liab ility  model of F alconer (1965) h av e  been revised, eliminate 
tw o sources of bias. The resu lts have been g raphed  for convenien t usage, an d  in  th e  absence® 
environm ental sim ilarities am ong re la tives can app ly  to  all k in d  of re la tives. Confidence level; 
for the  h e ritab ility  (or correlation) estim ates can also be read  d irec tly  off th e  graph.
The resu lts also app ly  to  concordance ra te s  in  MZ tw ins. T hey  show th a t ,  in  th e  absencet: 
environm ental sim ilarities, concordance ra tes  for a  disease in  MZ tw ins will only be high if tM 
heritab ility  is very high. T hus a  low concordance ra te  in  MZ tw ins canno t be ta k e n  to  prove tb 
genetic factors are n o t im p o rtan t in  th e  pred isposition  to  a  disease.
I  am indebted  to  D r O. Mayo and  D r D. S. Falconer for constructive criticism  and  advice in the devil; 
m ent of th is pap e r; and  to  D r T . G edde-Dahl for some unpublished  resu lts  on concordance in  twins.® 
approach used arose during discussion w ith  D r W . E . N ance.
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CONTEMPORARY THEMES
A scertainm ent and Prevention  o f Genetic Disease
A. E. H. EMERY,* m . d . ,  p h . d . ,  d . s c . ,  f . r . c . p . e d .  ;  C. S M IT H ,! M’sc-> PH-D-
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/"luminary: A genetic reg ister system  has been developed 
■ 0  for the ascertainm ent and  preven tion  of genetic
disease. Its poten tia l value is illustrated  w ith  data 
collected from 47S fam ilies w ith  serious genetic disorders 
which had been seen during  the past five years. O f these 
249 were referred  specifically fo r genetic counselling, 
autosomal dom inant disorders accounting for the largest 
"roup of families w ith individuals a t h igh risk  of becom ing 
affected. Of 717 individuals a t h igh  risk  of having affected 
children (or carrier daugh ters in  the case of X -linkcd 
recessive disorders), only 101 w ere referred  specifically 
for counselling. M any w ere re fe rred  only after th e  b irth  
of aa affected child w hich m igh t o therw ise have been 
prevented. A genetic register system  linked to p rac ti­
tioner, hospital, and health  d epartm en t records could be a 
valuable means of preven ting  genetic disease.
in trod uction
In recent years several investigators have argued the need  for 
some form of genetic disease reg ister (M iller, 1964; N cw - 
combe, 1966; Rcnwick, 1968; M cK usick , 1969; W crtelccki, 
Lawton, and G erald, 1969). M ost of these reports, how ever, 
have been concerned only w ith identify ing affected individuals 
for ei'hcr welfare o r research  purposes. Y et in  such fam ilies 
T re  are likely to be others w ho arc also at risk of becom ing 
a . :c:cd or of having affected children . A scertaining and 
'.i"owing-up such people arc im portan t practical reasons for 
■ uablishing a genetic disease re g is te r  
The potential value of a reg ister system  in  preventing 
different types of genetic disease has already  been  discussed 
(Smith, 1970). In  this d epartm en t such a reg ister is being de­
veloped and is referred to by the acronym  “R A P ID ” (R egister 
for the Ascertainment and P revention  of Inherited  D isease). 
The aim of this report is to illustrate the potential usefulness of 
a genetic register system  in p reven ting  disease by using  data on 
the families of people w ho have been  referred  to us du ring  
the past five years.
P a tie n ts  an d  M ethods
All the families studied  cam e from  either the E d inburgh  or 
‘he Manchester regions. M any  fam ilies w ere referred  
spcci.ically for genetic counselling bu t others w ere referred  
lor different reasons— for exam ple, research  in terest, teaching, 
ongnosis, etc. Som e fam ilies, m ain ly  w ith  hered itary  
myopathies, were also traced from  hosp ita l and  health  d ep art-
 ̂*'iofcr,sor. 
j  L e c tu re r .
nUEdin'^ ‘̂ ClP n.rtm c n c  L Iu m an  G e n e t ic s ,  W e s te rn  G e n e ra l H o s p i ta l ,
m cnt records. N o a ttem p t has been  m ade to ascertain  all cases 
of genetic disease w ith in  a region. T h is  is there io re  a family 
ra th er than  a popu la tion  study.
O nly patients w ith serious h e red itary  d isorders have been 
included. T hose referred  for chrom osom e studies because of 
abnorm alities of sexual developm ent or for advice about con­
sanguinity  w hen there was no  fam ily h isto ry  of a serious 
hered itary  d isorder have been excluded. T h e  term  “m ulti- 
factorial inheritance” refers to fam ilial diseases which are 
possibly due to m any genes plus the effects of .environment; 
these include id iopathic epilepsy, schizophrenia, and certain 
congenital m alform ations (C arter, 1969).
Pedigree data  w ere usually  obtained  from  the first person 
in a fam ily to be seen, and  this p rovided m ost of the infor­
m ation on w hich the follow ing analyses w ere based. From  the 
pedigree and the know n m ode of inheritance  risks w ere cal­
culated for all individuals of (a) becom ing affected themselves 
(in late m anifesting  diseases such as H u n tin g to n ’s chorea) or, 
if u nder 40 years of age, of having (i>) an affected child or (c) 
a carrier daugh ter in the ease of X -linkcd recessive disorders 
such as haem ophilia and B ecker type m uscu lar dystrophy. 
Risks w ere calculated by Bayesian m ethods (M urphy , 196S)
' based on the fam ily h isto ry  and relevan t biochem ical tests 
w hen these w ere indicated  (E m ery and  M orton , 196S). T he  
num ber of cases w hich m ight have been  p reven ted  by genetic 
counselling has also been  estim ated.
“ P reventable eases” have been defined as affected children 
bo rn  in  the p as t 10 years to paren ts w ho, a p rio ri, w ere at 
high risk of having affected offspring. F o r exam ple, a boy 
w ith an X -linkcd recessive d iso rder w ould be inc luded  if his 
m aternal g randfather was affected, because in  th is situation 
his m other m ust be a carrier; b u t the first ch ild  in  a family 
to be affected w ith  an  au tosom al recessive d iso rder w ould not 
be included.
D etails on all subjects at high risk (arb itrarily  defined as 
being greater than  1 in 10) w ere recorded on cards specially 
designed fo r com puter storage, analysis, and  follow  up. Full
In d iv id u a ls  a t  R is k  in  F a m ilie s  xoith S e riou s G e ne tic  D iso rd e rs  R e ferred  
S p e c ific a lly  f o r  G enetic C o u n se llin g  (C )  o r  f o r  O th e r  Reasons (O ) . (*Yum ber o f 
F a m ilie s  G iv e n  in  Parentheses)
A u lo y o m a l  A u ic s o m a l  j X - I in k e d  | M u l t i -  ! C h r o m o -
D o r r  in a n t 1 R e c e s s iv e  ■ R e c e s s iv e  i fa c to r ia l  • som aJ
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12 September 1970 G enetic Register System— Emery and Smith B ritish  M e d i c a l  J o u r n a l 637
uci-iils of the register, including operational details and the 
desi'nt of the register cards, w ill be published later.
R esults
Data on 47S families have been collected. In  83 fam ilies tire 
disorder in question either proved no t to be genetic or the 
cruse was unresolved. N o individuals w ere considered to  be 
at risk in these families. T h e  d is tribu tion  of the various types 
of genetic disease (see T ab le ) am ong the rem ain ing  fam ilies is 
not representative of the population  as a whole, bu t partly  
reflects the departm ent's p a rticu la r in terests—for exam ple, in  
the X-linked m uscular dystrophies.
Of the 47S families, 249 w ere referred  specifically for gene­
tic counselling— 50 autosom al dom inant, 56 autosom al reces­
sive, 33 X-linked recessive, 61 m ultifactorial, 22 chrom osom al, 
and 27 in which the d isorder w as either no t genetic or the 
cause was unresolved.
Individuals at risk of becom ing affected them selves m ainly 
concerned autosomal dom inant d isorders— th a t is, 245 o u t of 
a total of 280 subjects w ere considered to  be at risk. T h is  is 
mainly, because m any of these disorders w ere of late onset 
and occurred in large fam ilies—for exam ple, m yotonic dys­
trophy, Huntington’s chorea, and  polyposis coli.
Of 717 subjects at risk of having an  affected child or of 
having a carrier daugh ter (X -linkcd recessive disorders), 
autosomal dominant and  X -linkcd disorders accounted fo r 646. 
In the case of autosomal dom inant disorders m any w ere at risk 
both of becoming affected and of having affected children.
A total of 56 affected children  (“preventab le  cases” ) w ere 
bom to parents who, a p riori, w ere a t h igh risk  of having 
affected offspring. T h ere  w ere a fu r th e r 94 individuals a t high 
risk of becoming affected, b u t so far they have show n no  signs 
of the disease. ‘
D iscussion
Our results indicate th a t the m ain  scope for p reven ting  
genetic disease lies w ith '  the sim ply inherited  d isorders, 
because in general the p ropo rtion  of individuals at h igh risk is 
greater than in  the case of m ultifactoria l and chrom osom al 
disorders. Even in  sim ply inherited  d isorders, how ever, it  will 
be possible to prevent only a p ropo rtion  of eases, since som e 
will occur in families in w hich there has been no  previous 
history of the disease.
Only a relatively small proportion  of individuals a t risk
of having affected children  (or carrier daughters in  the ease 
of X -linkcd  disorders) were referred  specifically for genetic 
counselling (101 ou t of a total of 717, or 14%). .Many affected 
child ren  w ere born  to paren ts w ho, a p rio ri, w ere at high risk 
of having affected children bu t w ho had  never been coun­
selled and  w ere therefore unaw are of tire risks. O thers were 
referred  for counselling only after the b irth  of an affected 
child w hich m ight otherw ise have been  prevented . At present 
no defined procedure for tracing such individuals exists. 
H ere in  lies the value of a genetic reg ister system .
T h e  first step in  such a system  is the ascerta inm ent of those 
at risk. T h is  could be achieved th rough  general practitioner, 
hospital, and health  departm en t records linked to a genetic 
register. T h e  next step is to develop procedures for contact­
ing, through their fam ily doctors, individuals w ho are found 
to be a t risk. T h e  final step is to  provide adequa te  advice and 
follow -up fo r those at risk. • T h e  la tte r  could  be achieved 
th rough  a genetic register system. T h is  approach to the 
prevention of disease could have im portan t implications, both 
for the individual and  for society. N o t only w ould such a 
register be of value in  tracing  and follow ing up  those at risk 
of having affected child ren  b u t it m igh t also be of value in 
alerting  individuals w ith inherited  susceptibilities to ' drugs 
and for detecting aid eradicating life-th reaten ing  complications 
of genetic disease, such as in testinal m alignancy in  polyposis 
(M cK usick, 1969). T h e  m ain function  of such a register system, 
how ever, w ould be to preven t genetic disease.
We arc grateful to Professor D. A. K. Black and Dr. R. Harris 
for providing facilities for family studies in the Manchester Region, 
and to Mrs. E. R. Clack, Dr. E. Lee, and Aiiss M. Watt for their 
help in tracing families. This work was supported by a grant from 
the Muscular Dystrophy Group of Great Britain.
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CHAPTER 13
a s c e r t a i n i n g  t h o s e  a t  r i s k  i n  t h e  p r e v e n t i o n  
a n d  t r e a t m e n t  o f  g e n e t i c  d i s e a s e
CHARLES S M IT H  
IN T R O D U C T IO N
There has been a dram atic change in the pattern  of morbidity and 
mortality in the British population over the last 30 to 50 years: 
genetic disease has been less affected by advances in  medicine and 
improvements in environment, and has consequently increased in 
its relative importance as a cause of m orbidity and mortality. For 
example with the decline in  neonatal m ortality congenital abnor­
malities, many of which are at least partly genetic in causation, now 
account for some 20 per cent of infant m ortality compared with 
about 5 per cent at the tu rn  of the century (Carter, 1963). Similarly, 
control of infectious diseases and the use of drugs and antibiotics have 
reduced childhood and early adult m ortality so that m any chronic 
non-communicable diseases w ith onset in  adult life, such as diabetes 
and ischaemic heart disease, have become relatively more im portant, 
and many of these have some genetic basis.
With the increasing role of preventive medicine in medical care 
it is worth while to examine w hat scope there is for ascertaining those 
at risk in the population in prevention and treatm ent of genetic 
disease. In this context the extent and nature of genetic disease are 
reviewed.
A framework is developed for classifying possible methods of 
detection and prevention. The value of different methods and routes 
of ascertainment are then examined and various preventive pro­
cedures are discussed. Finally the integration and use of information 
from different sources are considered.
NATURE AND E X T E N T  OF G EN ETIC  DISEASE
Various ‘types’ of genetic disease and their respective frequencies 
are outlined in Table 1. O n the one hand there is a group of condi­
tions which are inherited in  a fairly simple and well understood 
manner. Individually these have low frequencies but they are 
numerous (McKusick, 1966) and on aggregate they comprise about
3 5 0




















THOSE A T  RISK IN PR EV E N TIO N  AND TREA TM EN T OF DISEASE
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2 per cent of all live births. O n the other hand, there are mar I • tl
diseases w ith a significantly raised familial frequency, but who* do t
inheritance is complex and often ill-understood. The congenital I 
abnormalities and m any of the chronic non-communicable disease 
with onset in  adult life fall into this group. Roberts (1962) EaJ 
grouped genetic diseases into those w ith a high risk of recurrencf 
(greater than 1 in 10) and those w ith a low risk of recurrence (1® 
than  1 in  20) in affected sibships. In  general the simply inherited 
conditions (Table 1) come into this former category, while tl, 
rem ainder fall into the low risk group. A part from the recurrent, 
risk, the severity of the condition and duration of the disease nut 
also have to be considered.
For the complex genetic diseases familial aggregation is 
measured by the ‘relative risk’ (k), the ratio of the frequency it 
relatives of affected individuals to the frequency in the population 
Although useful in practice in  assessing risks to other family member, 
the relative risk is not a suitable statistic for measuring the impor­
tance of heredity in a condition because it depends on the frequencv 
A more appropriate measure is the ‘heritability of liability’ (Falconet 
1965) which takes into account the population frequency (F) t 
well as the relative risk (k). For several of the diseases listed i 
Table 1, initial estimates of heritability have been moderate to hig: 
(Falconer, 1965, 1967; Garter, 1969), indicating that heredity: 
im portant in the aetiology of these diseases.
M orton (1967) suggests that m any traits and diseases wife 
inheritance seems complex at present, m ay each be eventual 
resolved into a few simple genetic entities, and has presented, 
m ethod to determ ine if  a few m ajor loci or m any loci with sue 
effects are involved.
By 
ro u t i 
d iagn
Figure 1
a n d  us 
L o g :  
is  t o  p i
R e la t iv e  I m p o r ta n c e  o f  G e n e t ic  D is e a s e
It is difficult to find figures or criteria by means of which to ass system 
the im portance of genetic disease, relative to other diseases. Bit 
rough guide may be had from the proportion of the expenditure 
medical care spent as a result of genetic disease. Of the to 
expenditure in the U nited K ingdom  (£665 million in 1961-® detecti 
congenital abnormalities accounted for 0-6 per cent (Office disease 
H ealth  Economics, 1964). This figure compares with about 1 f Dete 
cent for diabetes, 3 per cent for heart disease and 17 per cent: routine 
all m ental disease. There seems to be no comparable figure fort beapp 
simply inherited diseases but, because of their low frequency, If may in 
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Howes
r o u t e s  a n d  m e t h o d s  o f  a s c e r t a i n m e n t
by their nature, they may allow more possibility in prevention than 
do the more common complex genetic diseases.
r o u t e s  a n d  m e t h o d s  o f  a s c e r t a i n m e n t
The methods of ascertaining, treating and preventing genetic disease 
depend on many factors such as the nature of the condition, the 
mode of inheritance and the frequency of occurrence. An attem pt 
is made in Figure 1 to give a formal structure to the various routes 
and methods involved and w ithin which particular procedures can 
be classified. Central to this concept is some form of information
Figure 1. Diagram o f routes and methods o f  ascertainment in prevention and treatment o f  
genetic disease
system (here termed a genetic register) which can store, integrate 
and use the information available.
Logically there are two ways of approaching genetic disease. One 
is to prevent the birth  of abnorm al genotypes. The other is through 
detection and treatment, as a means of alleviating the effects of the 
disease.
Detection of genetic disease will depend, for the most part, on 
routine diagnostic procedures, and then treatm ent (if available) can 
be applied. For certain conditions early detection and early treatm ent 
may improve the prognosis, as in galactosaemia. Then some special 
screening procedures to detect affected individuals may be initiated,
3 5 3




dealing either with the whole population or with groups at sped 
risk—for example, sibs of individuals with simple glaucoir, 
(Paterson, 1965). J'"‘
U pon detection of an affected individual, the particular jgjgjt Prf 
and the disease are identified. Use can then be made of this ink. scl' 
m ation (through a genetic register) to prevent the birth affuitd °̂ 1 
affected individuals in the sibship in which the affected individr 031 
occurred (retrospective prevention) and in  the rest of the family, 
kindred (prospective prevention). Genetic counselling may 1 
limited to those seeking advice, or efforts may be extended to dettc 
all relatives at risk. R ather than restrict prevention to affeclt i recl 
families, it may be possible for some specific conditions to screen, (un 
parents and so detect matings at risk. pro
Storage, retrieval and integration of family information m ™ 
genetic disease in a genetic register is essential in an effective, pi dla 
ventive system. Individuals and families at risk could then be full redl 
ascertained and monitored, especially during their period at ris 
Through record linkage, the genetic register could have access r 
useful inform ation from several sources, such as vital record, 
personal health records and hospital records. Through the registr, the 
the effectiveness of counselling and preventive procedures could i abil 
assessed and the short-term and the long-term effects on society, size, 
any preventive measures or methods of treatm ent could also! the 
assessed. Finally the genetic register would be a useful source,' 196! 
m aterial in research on genetic disease.
The m ain concern in this C hapter is to examine the value, 1'ium 
different methods and routes of ascertaining those affected or atri F|C(|1 
from genetic disease, and to estimate how m uch genetic disea 
could thereby be prevented or eliminated. In  order to do this, 
set of idealized conditions is assumed, for example that counsel, 
is completely effective, that family size in  families at risk is the si 
as in the general population, tha t all cases are reported, that ti 
disease is not heterogeneous, that abnorm al genotypes can! 
detected early and that tests for carriers are available and accural 
I t  is unlikely that all these conditions will hold in  practice forar 
particular genetic disease, so that the proportions preventable may!] 
less than those given which are therefore maximum values. , ay]e|(
mut;
PR E V E N T IO N  O F B IR T H  OF ABNORM AL GENOTYPE' de»n
tutm
Prevention of the b irth  of abnorm al genotypes may be f"; previ 
prospective (before an affected child has been born to a parent at n y,ef01 















































i t  atri 
ned In
p r e v e n t io n  o f  b i r t h  o f  a b n o r m a l  g e n o t y p e s
r e t r o s p e c t iv e  prevention applies to possible further cases in  affected 
sibships, and prospective prevention applies to all others—either by 
p r e v e n t in g  possible cases from parents in  the rest of the family or by 
s c r e e n in g  all potential parents to detect those at risk. A proportion 
of c ase s  will be due to new m utations in the affected individuals and 
c a n n o t b e  prevented by these methods.
Retrospective P r e v e n t io n
After the birth of a child w ith a condition which has a high 
recurrence risk, parents may be counselled to have no further children 
(unless detection in utero and selective abortion are possible). W hat 
proportion of all affected cases could then be prevented ? Fraser and 
Motulsky (1969) have shown, for an  autosomal recessive condition, 
that if parents with one affected child had no further children, the 
reduction in frequency would be
1 -  2 n sni  2 |L , (1 —A )M
where (s„) is the frequency of family size (n) and (A) is the prob­
ability that the next child would be affected. The larger the family 
size, the greater is the value of retrospective prevention. A guide to 
the distribution of completed family size has been taken from the 
1961 British Census for mothers in the 40 to 49 year age group:
Number of children 1 2 3 4 5 G 7 7 +
Frequency *30 *35 *18 *08 *04- *02 '01 *02
Using these figures, the maximum proportion of cases which 
could be avoided by retrospective prevention would be about 0-15 
for autosomal recessive conditions (Table 2). In  X-linked recessive 
conditions, new m utations will contribute a proportion (1—f)/3 
of all cases, where f  is the relative reproductive fitness of affected 
males. Making allowance for this, the proportion of new cases 
avoided by retrospective prevention becomes 0-05(2 ). For
dominant conditions w ith incomplete penetrance, retrospective 
prevention would only apply to parents who carry the abnormal 
allele but appear normal. These will produce, again allowing for 
mutation, a proportion (1 —R) of affected children, where R is the 
degree of penetrance. The risk to further children is J-R and substi­
tuting this for (A) in the above formula gives the proportion of cases 
preventable from these parents. I f  R  =  the result is 0-15 as 
before, so that the proportion 0-15(1—R) — 0-075 of cases may be 
prevented by retrospective counselling.
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THOSE AT RISK IN PR EV E N TIO N  AND TR E A T M E N T OF DISEASE
In  practice several factors may combine to reduce the proportfo 
of cases that may be prevented. After the b irth  of an affected chit 
in a family, family size may be restricted (Tips and Lynch, 195], 
so that fewer children than  expected would be at risk. If fur(5f 
children are born before the index case is detected, this would at- 
reduce the value of retrospective prevention.
TA B LE 2
P roportion  o f Cases Preventable in the P opulation
Method of prevention Proportionpreventable
R etrospective prevention  in  affected sibships
D om inant-pene trance r  1 0
A utosom al recessive 
X-l inked recessive 
Com plex inheritance
\ 0 5
Prospective p revention  in affected families
D om inan t-penetrance
A utosom al recessive 
X -linked recessive 
C om plex inheritance
/TO
\ 0 - 5
0
0 - 0 7  
O' 15
0 - 0 5  ( 2 + f )  
n  i k i !■
f
~2-5q 
0 - 1 2  - f  0/31 
m k2F
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f a m i  
r e la t  
s i b s l  
p e c t:  
p r o p  
F c  
m a le  
a t  h  
(E m <  
is n o
F — p o p u la t io n  fr e q u e n c y ; f—-r e la tiv e  r e p r o d u c t io n  f i tn e s s  o f  a ffe c te d  individuals; 
n — n u m b e r  o f  r e la t iv e s  p e r  in d e x  e a s e ; k — th e ir  r e la t iv e  r i s k ; q— g e n e  frequency.
The effectiveness of retrospective prevention decreases as I 
recurrence risk in sibs falls. In  conditions w ith complex inheritam
the average recurrence risk is low and genetic counselling advice
usually not to restrict family size (Roberts, 1962). However, if It 
index case is severely affected, if the less frequently affected sex 
involved or if there is more than  one affected person in the famii 
then the recurrence risk in  sibs may be high and if so family resit; 
tion would then be advised. Summaries of the population frequent 
(F) and the frequency (kF) in relatives of affected individuals;; 
given by Carter (1965) for various congenital abnormalities andt 
Newcombe (1966) for several conditions associated with still-birl 
and infant mortality.
Further cases in affected families account approximately for 
proportion (njkjF) of all cases in the population where (nj isd 
average num ber of further births preventable in  affected sibsltif
b e i m  
c a s e s  
m u t a  
in  f e i ­
le s t  f i  
m a le ,  
n e w  I 
propc
3 5 6
irtio' If family size is normal, (nx) will be about 0-7 in  British families, 
dil For s e v e r a l  congenital abnormalities and other neonatal conditions, 
196S f r e q u e n c ie s  range from 1 per 2000 to 1 per 200 births, w ith relative 
urtlii risk (k) values from 10 to 30. The proportion of cases prevented by 
d a] r e s t r ic t in g  family size after the b irth  of an affected child might thus 
be from 0-005 to a maximum of about 0-05. Thus the yield would be 
I r a th e r  low and unlikely to justify the preventive effort involved.
PREVENTION OF B IR T H  OF ABNORM AL GENOTYPES
Prospective P r e v e n t io n
So far prevention has referred only to further cases in affected 
sibships. What additional proportion of cases m ay be prevented 
prospectively by detecting parents at risk in  the rest of the family ? 
For dominant conditions, the proportion of cases that may be pre­
vented prospectively (allowing for new m utations) is equal to (f) the 
relative reproductive fitness of affected individuals, or (R f) where 
(R) is the level of penetrance (or detection).
In families with a history of an autosomal recessive condition, 
several relatives will be carrier heterozygotes. The risk to one of 
marrying an unrelated person who is also a carrier is 2q(1 —q), where 
(q) is the frequency of the abnorm al allele, and (for the British 
family size distribution) the risk of their having one or more 
affected children is about one half. Thus if (q) is low, the total risk 
to relatives in affected families is also low. I t  is estimated that, per 
family (or kindred), there will be on average about seven carrier 
relatives still at risk. Given F =  q 2, there will be about 0 '8 q 2 of 
sibships with affected children. Combining these figures pros­
pective prevention in the rest of the family would prevent a 
as |  proportion of about 2q to 3q of all new cases in  the population, 
grits® For X-linked recessive conditions, female relatives of affected 
dvicei males are possible carriers (heterozygotes) and so their sons may be 
r, f t  at high risk. Tests to distinguish carriers from norm al women 
d ses: (Emery, 1968) are especially useful in  this case. I f  the discrimination 
faml is not complete, it may be possible to combine the test result with 
information on family history to estimate a woman’s likelihood of 
equetirl being a carrier (M urphy, 1968; Emery and M orton, 1968). O f all 
ualss rases in the population, a proportion (1—f)/3 will be due to new 
; and! n"nationsinaffectedmales.Ofthe2(l —f)/3 mutations per generation 
ill-biti m females it can be estimated that approxim ately one-third will be 
I lostfrom the population without their ever giving rise to an affected 
■ly fori male. Thus of all cases, a proportion 7(1 —f)/9 will be first cases in 
ij) isili| new families. The rem ainder 1 — (7(1—f)/9 ),is  thus the maximum 
sibslip proportion of cases that might be prevented if all further cases in
>731
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affected families were prevented. Deducting the proportion Of are 
(2 -|-f) which is retrospectively preventable in  affected sibships. it coml 
proportion preventable prospectively becomes (0-12 +0-73f i, F. l,elie 
severe conditions this proportion is low, bu t for mild conditio alltoi 
almost all cases will occur in families with some previous disea? ^  
history and so are prospectively preventable. 1 must
For conditions with complex inheritance the proportion of c®J conĉ 
that may be prevented prospectively will be about n.2k2 F> as before abn0. 
where (n2) refers to the average num ber of births preventable ititli rêatl 
rest of the family and (k2) is the relative risk of their being affects! Pievi
s o m a
S c r e e n in g  P a r e n t s  ICiI C_ recess
Another possible approach in the prevention of genetic disease: For ( 
to screen potential parents. In  this way matings at risk mightf only; 
detected and avoided, family lim itation advised or selective abortio: famil 
{see Chapter 9) m ight be possible. By this means, apart from no: 
m utations, a disease might be temporarily eradicated. This proced« 
is thus the most effective possible in  the prevention of genetic diseas 
However, depending on the form of control used, there may!
attendant undesirable changes on the population gene pool (Barb ----
1966; Fraser and Motulsky, 1969).
Screening of parents is usually recommended when the disease; 
frequent, as in sickle cell anaem ia in parts of Africa (Allison, 19ii 
and in  haemolytic disease of the newborn. However, the proced®: 
m ight well be applied to many other less frequent conditions, ili 
proved economical. Reliable tests for detecting carriers are»  
available for several genetic diseases (Hsia, 1966). O ther possible: 
may exist in screening parents at special risk. For example, old: 
mothers are at a higher risk of having children with Down's syn­
drome (Penrose and Smith, 1966), and in this group there may I: 
justification for routine karotyping of amnistic fluid cells to del« 
the condition in utero (Chapter 12).









S u m m a r y  o f  P r e v e n t iv e  M e th o d s
In  general, screening methods will be most effective in the cot* 
of specific genetic diseases, but to screen for all conditions wont 
neither be possible nor economically feasible. So screening is life 
to be restricted to those diseases for which the returns from prevt 
tion best m erit the available expenditure.
The proportions of cases preventable by counselling in diners 
kinds of genetic disease are summarized in Table 2. To illustratet: 







are given hi Table 3: for autosomal dom inant conditions with 
c o m p le te  penetrance (e.g. achondroplasia) and w ith incomplete 
n e t r a n c e  R = 0 -5  in  one type of split-hand deformity), for an 
a u to s o m a l  recessive condition of high frequency (e.g. cystic fibrosis 
¡7=1/2500), for a severe X-linked recessive condition (e.g. Duchenne 
m u s c u la r  dystrophy, f  =  0) and a less severe X-linked recessive 
c o n d i t io n  (e.g. haemophilia, f  =  0-4), and for a common congenital 
a b n o r m a l i t y  (e.g. spina bifida and anencephaly, F  =  1 / 2 0 0 ,  low 
relative risk (k) in second and third degree relatives). Retrospective 
p re v e n t io n  of further cases in affected sibships is useful for auto­
somal and X-linked recessive diseases. Prospective prevention in the 
rest o f  the family is useful for autosomal dom inant and X-iinked 
recessive diseases, bu t is of little value for autosomal recessives. 
For diseases with complex inheritance and low recurrence risks, 
only a  s m a l l  proportion of all cases could be prevented by limiting 
fam ily size either in affected sibships or in  the rest of the family.
TA B LE 3
Proportion of Cases P reven tab le  by G enetic Counselling 
(for details see text)




in the rest of the family
Autosomal dom inant
Penetrance 1 • 0 0 f
0-5 0-07 ¥
Autosomal recessive 0-15 0-05
X-linked recessive
f=  0 0-10 0-12
f = 0-4 0-12 0-41
Complex inheritance
(congenital) 0 -04 —
DETECTION AND T R E A T M E N T  OF ABNORM AL 
GENOTYPES
Detection of individuals with an  abnorm al genotype, before they 
develop symptoms and signs of the disease (i.e. preclinical cases) is 
ofvalue in two ways. One is to allow an early detection of affected 
families so that the b irth  of further cases in  the family may thereby
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be prevented. This is im portant in diseases not manifest at bin| 
for it would improve the efficacy of prevention by the methods I  
cussed in the previous sections. The other value in detection of ptf 
clinical cases will be to the affected individual himself if eai;. 
treatm ent can prevent the development of the disease or improvl 
the prognosis. In  this respect the distinction in detection and tr* 
ment between genetic and other disease becomes less importantr 
the general principles of preventive and curative medicine appij 
whatever the aetiology and nature of the disease. The subseq®; 
sections discuss population screening, screening groups at risk aifl 
family screening as means of detecting preclinical cases.
THOSE A T RISK IN PR EV E N TIO N  AND TREA TM EN T OF DISEASE
P o p u la t io n  S c r e e n in g
Screening the whole population m ay allow detection of abnomti 
genotypes and may perm it treatm ent before they manifest i! 
disease. This procedure is now used routinely for several rare In 
severe genetic diseases, such as phenylketonuria and galactosaeri 
The screening tests m ust be m ade simple and cheap and shot 
satisfy the criteria (e.g. Nissen-Mayer, 1964) of sensitivity (detect, 
all true positives) and of specificity (rejecting true negatives).! 
extent of population screening adopted in  preventive medicine wi 
be determined by the costs of screening and of subsequent treatnis: 
of affected cases, relative to the benefits accruing to society fet 
control of the disease. However, criteria (economic or social) 1: 
assessing the latter are often difficult to establish (Pole, 1968). 1 
view of the very large num ber of genetic (and non-genetic) diseis 
amenable to population screening, some selective criteria for sow­
ing preference will be needed. Legislation has been introduce 
in  some countries to make m andatory the screening of the newk. 
(e.g. for phenylketonuria in the USA), thus establishing a Pul 
Health responsibility which could be extended to other diseases! 
were justified.
T hat m any possible unforeseen difficulties may arise in praclii 
w ith population screening is well dem onstrated by the results 
screening for phenylketonuria. The disease now appears to be nine 
more heterogeneous than  was first suspected (Bessman, 1966). Cot 
of special diets are high and their effectiveness may be quere 
(Wilson, 1968). Ethnic or regional differences in frequency may let 
to testing effort being wasted. Finally, a high risk of mental retard 
tion to norm al children of mothers with phenylketonuria has be 
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S c re e n in g  G rou p s a t  R is k
The return from a given screening effort m ay be increased by 
re s t r ic t in g  the tests to groups known to be at an  increased risk. I f  a 
small proportion (P) a t a high relative risk (kP) is screened, the 
retunl per individual screened will be high, but the proportion 
(k P) of all cases in  the population so detected may be low. In  
practice a balance must be struck between P and (kP), but the criteria 
for doing so are often undefined. The concept of a risk register for 
handicapping conditions in  children (Sheridan, 1962) has been 
adopted by many Public H ealth  agencies and found to be useful 
¡'Oppe, 1967). On the other hand, the use of risk registers has been 
c r itic iz e d  (Richards and Roberts, 1967) because of their arbitrary 
n a tu re  and large size if an ‘acceptable’ percentage (80 per cent) of 
cases are to be detected. Rogers (1968) suggests a two-tier procedure, 
using simple screening tests for the whole population, followed by 
special and repeated testing on a high risk group comprising 5-10 
per c e n t  of the population.
Family Screen ing
Relatives of affected individuals form a special group at risk for 
screening purposes. The yield from family screening will be (k) 
times that from population screening and a proportion (nkF) of 
new cases will be detected, where (n) is the num ber of relatives per 
index case and (k) is their relative risk. For example, the frequency 
of simple glaucoma in people over 40 years of age is about 8 per 
1000 (Hunt, 1965). W ith on average 2 sibs per index case and a 
relative risk (k) of 10 (Paterson, 1965), by screening sibs (who will 
comprise 1-6 per cent of people over 40) a proportion 0-16 of all 
new cases might be detected. O ther relatives m ight also be screened, 
but the return will fall as the relationship w ith the index case becomes 
less. In practice to assess the return  from family screening, good 
empirical estimates of relative risks and other statistics will be needed. 
The numbers and ages of living relatives of different degrees of 
relationship must be determ ined and the proportion of those that 
caabe contacted and tested m ust be assessed. Despite these provisos, 
several of the complex genetic diseases listed in  Table 1 might be 
quite amenable to family screening, if preclinical tests were available 
and if early treatment was effective.
A G E N ETIC  R E G IST E R
Within the framework of Figure 1, there is a need to store, integrate 
and process information from different parts of the system. This, in
3 6 1
THO SE A T  RISK IN P R E V E N T IO N  A N D  T R E A T M E N T  OF DISEASE
the  w id es t c o n te x t, h a s  b e e n  te rm e d  a  g e n e tic  reg is te r. I t  would at
as a clearing house for information to which case and family details 
could be referred and from which inform ation about genetic disease 
and about families a t risk could be obtained. f°r
R e g is t e r  D e s ig n  a n d  O p e r a t io n
o t h e
l i k e l
personal records from different sources and has discussed the ad
However, a general medical record linkage system may be tool*
psyc
a n d
i d e n
l i v e s  
t h e y  
t h e  l
R e c o r d in g  R o le
There are several functions tha t a genetic register could perform 
At the simplest level it might merely form a record of cases attend»! s)'ste 
a genetic counselling clinic. W ith sum m arization and follow-up disea 
cases, the work of the clinic and the effectiveness of treatment and ôcat 
advice could be evaluated (Carter, 1967). O n a larger scale i!I 
reported cases of certain genetic conditions in an area might h: 
recorded, drawing on records from all medical sources. Changes it. 
frequency of genetic and quasi-genetic conditions could then 1; 
m onitored (Kallen and W inberg, 1968) and, in the long term, gene] °Pel; 
tic trends in  the population m ight be assessed. disea
(4)0
P r e v e n t iv e  R o le  '.'Sl01thes;
Changing the focus of the register from a passive recording rolei: De
a preventive role would greatly increase its scope and functio: on gi 
Currently there is no regular procedure or defined responsibility!: 
preventing genetic disease, except a t the individual level, but: 
genetic register could provide a basis for this.
O n notification of an  affected individual, the register and the; gamz 
concerned w ith genetic disease would become directly involved (with 
T reatm ent and progress of the affected individual could be super! centa 
vised and contact m aintained in case new treatm ents became aval 
able. Relatives at high risk, or perhaps all close relatives, might! 
registered along with their period of risk and then, if agreeable, the 
could be counselled appropriately. O n the other hand, reassurk 
relatives at low risk forms a large part of genetic counselling woil 
(Carter, 1967) and is im portant to the family, as judged bylb 
previous and subsequent family reproductive history (Tips arc 
Lynch, 1963).
r e g i s l  
t e s t s  ; 
c a s e s
n a t i v  
t h e f i  
T h  
r i s k . 1 
i n n o \  
r e v i e '  
l i n g  t  
a d d i t  
c o n t i i  
b e  t o  
s l a t e
Acheson (1967) has shown the feasibility of storing and M i anc| ]
v ic e  l
vantages of record linkage systems in  organization and in researc
m a y  I
and too general to serve the special needs of medical genetics, or anf]
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other specia.lized branches of medicine. R ather, different groups are 
detail,I ljkely t0 be motivated to develop registers for special purposes and 
'seaitil for their own use. For example, special registers are being used for 
chiatric (Baldwin et a i ,  1965) and iatrogenic disease (Crookes,
! jc)gg\ it is important that registers for different geographical areas 
nd for different diseases should be m ade compatible (in personal 
rfoi identification) with each other and w ith the general record linkage 
udit system being used. This would allow a wide scope in  the study of 
• " diseases, their causes and associations, and would be most useful in 
nn locating and maintaining contact with individuals affected or at risk. 
j e , I n  designing a genetic register, it is im portant to define the objec-
I ’ ( tives and scope of the system. Initially these m ay be restricted but 
3 they would be widened later as experience grew and if the value of 
the register were proven. There are several distinct stages in an 
operational system for the prevention and treatm ent of genetic 
disease. These are: (1) detection; (2) notification; (3) treatm ent; 
(4) counselling; (5) detection of relatives at risk ; (6) continued super­
v is io n  of individuals concerned; and (7) feedback of information to 
the system.
role: | Detection rates may be improved by further medical education 
nctior. oil genetic disease and by feedback of information from the genetic 
lityfc: register to the medical profession. Alternatively, special screening 
but t tests at periods of risk may be initiated. The next stage, notification of 
cases to the register, is crucial bu t will require much effort and or- 
1 thos ganization. A routine notification on diagnosis could be requested 
volvc; [with bonus payment) or m ade m andatory by legislation if  the per- 
suptt centage of cases reported by voluntary means was too low. Alter- 
: avai natively, search through medical record linkage might be feasible in 
ightt the future.
le, the; The next critical stage is in the detection of relatives a t high genetic
ssuriii; risk. This is a major function of a genetic register and would be an 
g won innovation in medical practice. Relatives of index cases would be 
by I reviewed and a routine procedure for locating, testing and counsel- 
ps art ling those relatives deemed to be at high risk would be instituted. In  
addition, affected individuals or those persons still at risk cotdd be 
continually supervised. A m ajor problem  in long-term recording will 
be to keep the genetic register up-to-date w ith changes in  family 
state and with migration from the area (Acheson, 1967; Acheson 
and Forbes, 1968). Linkage w ith vital records or w ith H ealth Ser­
vice records may be possible. However, an annual review for each 
family of its health status, family changes and changes in address 
maybe more effective in keeping the register information relevant 
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R e s e a r c h  R o le w is
The m ain value of a genetic register in  research would be to pr{. port*( 
vide a ready source of m aterial for the study of genetic disease and c ̂ f ° r ^  
its relation to other agencies. O f special m erit in this regard wotf 
be the inclusion of a random  sample of unaffected control families 
These would provide statistics about the norm al population I 
comparison with families ascertained because of genetic diseas 
Another research role would be the appraisal of the register system 
and of current detection and preventive methods. Then, by feedbad  












EFFECTS O N  T H E  GENE PO O L gene I
woulc
Prevention of genetic disease may lead to changes in the population ¡ve|y
gene pool. These may be quite difficult to measure in practicef: 
the trends will be small, the time lag long and there will be obser­
vational and environmental differences to take into account. Possiblf 
changes may be estimated algebraically, given a set of assumption! 
about frequency, mode of inheritance and about the relative repit 
ductive fitness of different genotypes. However, the relative iitr.es. 
rarely known accurately and it may vary w ith time and environrr 
or be modified by eugenic measures. The algebraic solutions will this 
be generally inadequate for making long-term predictions but the 
may be sufficient to provide a useful guide to the direction ah 
extent of short-term changes.
S im p ly  I n h e r ite d  C o n d it io n s
Retrospective prevention of the b irth  of further children h 
affected sibships may cause some reduction in the frequency t: 
abnorm al alleles but the reduction will be small because only affectfi 
sibships are involved. Prospective prevention, dealing with there: 
of the affected family may allow ra ther larger reductions in fit- 
quency of abnorm al alleles, especially for dom inant and X-link 
conditions for which prospective prevention is more eftectr- 
(Table 2).  ̂ (andf
For rare severe conditions, m aintained at equilibrium by Dilu­
tion, survival and reproduction of affected individuals will lead: 
increases in frequency of the condition in the next generation, T: 
increases will be proportional to (1—f), (1—f)/2 and 2q(l—f)i': 
dom inant, X-linked and autosomal recessive conditions respective 
where (f) is the original relative fitness of affected individuals at
Cond
M a  
t h e i r  
h a v e  
a b n o r  
l e a d  t
is (F)
t h e n  1 
q u e n c  
g e n e r ;  
C a r t e  
w e r e  I 
r i s e  f n  
in  f e m
S o n  
t l i s e a s  
g e n e r i  
a n y  i n  
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I I js the equilibrium gene frequency. I f  (f) is low initially, the pro- 
o o r t i o n a l  increases in frequency of the condition can be quite large 
for d o m i n a n t  and X-linked conditions, but will be small for auto­
s o m a l  diseases (from 0-2 to 4-0 per cent per generation).
If a condition is m aintained by heterozygote advantage, survival 
of recessive homozygotes may lead to m uch larger increases in fre­
quency in subsequent generations. The proportional increase in gene 
frequency for an abnormal recessive allele is approxim ately (1 —f) /f, 
assuming that the initial gene frequency is low and that (f) the fitness 
of the two homozygote genotypes approaches that of the heterozy­
gote genotype. The same result holds if double heterozygote matings 
are prevented. For example, w ith cystic fibrosis (q=0-02 , f= 0 -9 ;
Knudson, Wayne and H allett, 1967) the proportional changes in 
mie frequency and in  frequency of the condition (on random  mating) 
would be about 10 per cent and 22 per cent per generation respect­
ively.
Conditions w ith  C o m p le x  I n h e r ita n c e
Many of the diseases w ith complex inheritance (Table 1) have 
their onset largely toward the end of reproductive life, so they will 
have little effect on the gene pool. However, for the congenital 
abnormalities, survival and reproduction of affected individuals may 
lead to changes in subsequent generations. I f  the original frequency 
is (F), the proportion of matings with one affected parent would 
then be (2F). Children from these matings will have a higher fre­
quency (kF) of the condition so the average frequency in the next 
generation should rise to F(1 -|-2kF). For example, using data from 
Carter (1961), it can be estimated that if all cases of pyloric stenosis 
were to survive and have children, the population frequency would 
rise from 0-5 to 0-54 per cent in males and from 0-1 to 0-116 per cent 
in females in one generation. :
Some of the methods currently used to prevent and treat genetic 
disease may thus result in  somewhat higher frequencies in future 
generations. However, it may be quite possible to reduce or reverse 
any unfavourable trends by modifying the preventive methods being I
used or by counselling the individuals concerned on their social 
!and genetic) responsibilities.
Eugenic Measures
Plans to reduce the frequency of abnorm al genes in the population 
rather than merely prevent im m ediate genetic disease, are beginning 
to be discussed (Fraser and Motulsky, 1969). For example, selective
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abortion of female foetuses if the father has an X-linked defect won] se(J
quickly reduce the population frequency from 3 u /( l— f) to 3, revl
where (u) is the m utation rate and (f) is the relative reproductiv expk
fitness of affected males. I t may be possible to eliminate abnon® t00li 
alleles causing certain disease from the population, or to red®.! jjow 
their frequency to a low level, m aintained by mutation. Fraser at ¡ven 
Motulsky (1969) have shown tha t for an  autosomal recessive 
dition the proportion of selective abortions required to elimina; 
the abnorm al allele is 4-q(l+2cj) / (1 -j—3q)2. For cystic, fibrosis 
Caucasians (q=0-02) this would represent about 7 per cent oh [level
pregnancies in one generation. | pj,
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r h u m ;
I n g e
ratioi
1011 0
C O N C LU SIO N S inter(
sc rip t
There are m any people in  the population who are a t risk from genet agnet 
disease bu t special measures are required for their ascertain®! (Wei: 
Relatives of affected cases form a special class for they can be real ^net 
identified and may be at high risk. For them, the problem of pro basis 
venting further disease is largely an  operational problem of detect 1968) 
and notification of affected cases, followed by the location, test 
and counselling of relatives at risk. Such a procedure would seem: 
be quite feasible in practice and should yield a good return on,t 
tection and testing effort.
However, of all genetic disease in  the population, only a proportit 
can be avoided by preventing further cases in ‘affected families’.At 
alternative is to try to detect individuals, or families, at risk in it 
general population. The difficulty here lies in the large number! 
possible genetic conditions (McKusick, 1966) and their individu 
rarity. Screening tests are now available for many genetic disease: 
However, there is a lim it to the num ber of conditions that can t 
screened for and some selective criteria, s.uch as prevalence, seveiic 
or value of treatm ent, may be needed to establish priority in usag 
C urrent screening tests are mostly aimed a t detecting and treat 
affected individuals. A far more effective procedure, in control at. 
prevention of m any simply inherited diseases, would be to sere 
parents and detect those matings at risk so as to prevent the births 
affected children. This would be the m ethod of choice in prevent | 
of genetic disease if screening tests were available and if the retun.
Aches' 
















from prevention justified the expenditure involved. jjg
In  prevention of genetic disease much depends on public unde: 
standing and co-operation. Social and ethical values are changs 
gradually, and family planning, voluntary sterilization, l e g a l i z e d a b e  / fl/cr
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u sed  These changes in attitude and custom may be helpful in the 
p r e v e n t i o n  o f  genetic disease and they need to be considered and 
e x p l o i t e d .  For example, selective abortion provides a very useful 
tool i n  the prevention or control of certain diseases (see Chapter 9). 
H o w e v e r ,  a far simpler and more general tool, euthanasia of defect­
ive n e w b o r n ,  i s  not yet ethically acceptable though it may be more 
h u m a n e  than‘salvage’ (Forrester, 1965) in severe incurable diseases. 
In g e n e r a l ,  as society becomes better informed and develops a more 
rational and responsible attitude to reproduction, greater scope will 
d e v e lo p  for the prevention of genetic disease.
Finally, in practice, the costs of detection, treatm ent and prevent­
ion o f  genetic disease must be related to the returns achieved. An 
interesting evaluation of this kind has been done for several pre­
scriptive screening practices (McKeown, 1968) including four 
o-enetic diseases. However, the cost-benefit criteria of economics 
(Weisbrod, 1961) may not be wholly suitable in medicine and 
genetics. On the other hand, there does not seem to be any equivalent 
basis for evaluating the social benefits of disease prevention (Pole, 
1968).
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McKusick (1969, J . chron. Dis., 2 2 ,  1-7) has recently discussed family 
MI ®0W"UP in the early detection and treatm ent of genetic disease and  has 
outlined a Family O riented, M edical Records System (FO M ER S). In  our 
ildret slstem the ascertainment and  preventive aspects of the problem are also 
emphasized and for this reason, and in order to differentiate between the 
d fc systems, we would like to refer to our system as a Register for the 
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A statistical and genetical study of diabetes
I. Prevalence and m orbidity
B y  D. S. F A L C O N E R ,*  L. J .  P . D U N C A N f 
a n i)  C H A R L E S S M IT H !
INTRODUCTION
The main reason for th e  collection o f  th e  d a ta  described here was to  o b ta in  estim ates o f the  
laee-speeifio prevalence of d iabetes m ellitns in  E d inburgh , Scotland, for use in  a  genetic s tudy ,
G e n e r a l Practitioners, 1962; review s b y  P yke , 1968; M alins, 1968). C onsideration of th e  p re v a ­
le n c e  figures in conjunction w ith  th e  age of onset, how ever, m akes some analyses possible w hich 
we think have not been a tte m p te d  before, an d  these are  th e  sub jec t of th e  p resen t paper.
The prevalence in  any  p a rtic u la r  age g roup  of th e  popu la tion  is m ade up  of d iabetics whose 
inset occurred a t d ifferent ages an d  w ho have h a d  th e  disease for different periods o f tim e. 
Subdivision of the  prevalence figures on th e  basis of onset age shows th a t  th e  d iabetics in  any  
short contain fewer w ho w ere diagnosed a t  earlier da tes th a n  w ould be expected  from  th e  
srrent incidences of new  case s : in  o th e r w ords th e  frequency  of d iabetics in  th e  cu rren t p o p u la ­
tion is progressively reduced  w ith  earlier d a te  o f diagnosis an d  w ith  increasing d u ra tio n  o f th e  
isease. This reduction of frequency  m ay reflect e ither a lower detection  ra te  in  th e  p a s t th a n  
at present or a higher ra te  o f m o rta lity  am ong diabetics th a n  am ong non-diabetics, or i t  m ay be 
i ¡hepartly to both causes. I t  has n o t been possible w ith  th e  cu rren t d a ta  to  discrim inate betw een 
toe causes, bu t th e  analyses lead  to  e stim ates of th e  lim its of th e ir  effects if  e ither were th e  
¡ale cause of the reduction  o f frequency  observed.
■ A related problem is th e  estim atio n  o f th e  age-specific m orb id ity  risks. The d is trib u tio n  of 
I onset age among the  cu rren t pop u la tio n  of d iabetics will n o t give a va lid  estim ate  if  th e  de tec­
tion rate has changed or if  th e re  is d ifferen tial m o rta lity . U nbiased  estim ates of th e  m orb id ity
■ risks at the present tim e  can, how ever, be o b ta in ed  b y  m aking p roper allowance for th e  
duration of the disease.
Two other in teresting questions arise from  th e  age-specific m orb id ity  risks. The re la tion  of 
fc morbidity risk to  age m ay  give evidence on th e  question  w hether juvenile an d  ad u lt d iabetes 
,W distinct entities. A nd, cum ulation  o f th e  m orb id ity  risks leads to  an  estim ate  o f th e  
potential'' prevalence, w hich shows th e  prevalence th a t  m u st be expected in  th e  fu tu re  if  th e  
detection rate continues a t  its  p resen t level an d  if  an y  differential m o rta lity  of d iabetics th a t  
fiiffle may he is elim inated  b y  im proved  trea tm en t.
hie results of which are described in  th e  second p ap er of th is  series (Sm ith, D uncan  & Falconer, 
iiipreparation). The variab le  age o f onset an d  th e  increasing prevalence w ith  age, have been 
Idequately docum ented b y  several au th o rs  in  various countries (e.g. Sim pson, 1964; College of
I * D ep artm en t o f G enetics, 'U niversity of E dinburgh, f  D iabetic  D ep artm en t, K oyal Infirm ary , E dinburgh, 
j  D ep artm en t o f H u m an  Genetics, U niversity  of E dinburgh.
I
SOURCES OF DATA patieil
Ascertainm ent i would
The in ten tio n  was to  e stim ate  th e  age-specific prevalence an d  th e  d istribu tion  of onset a ' 
by  ascerta inm ent th a t  was as nearly  com plete as possible. T he crite ria  used  in  the ascertains 
of diabetics were sim ply : (1) th a t  th e y  h ad  been diagnosed as d iabe tic  by  a member of(I 
medical profession, an d  (2) th a t  th e y  were confirm ed to  be alive a n d  living in the city, 
E dinburgh  a t  1 Ja n u a ry  1968. N am e, sex, address, cu rren t age, age a t  onset and currently 
m ent (diet alone, oral hypoglycaem ic, or insulin) w ere recorded  for each  individual.
The search for persons w ith  d iabetes proceeded in  several stages an d  is sum m arized in Tali'!
F irs t a list of 2512 persons a tten d in g  th e  R oyal In firm ary  D iabetic  D ep artm en t was prepair 
from  cu rren t files. To th is  w as added  an o th e r 368 nam es from  files of p a tien ts  whose visits;] 
the  clinic h ad  lapsed for 2 to  3 years. A ll o ther E d in b u rg h  hospita ls, m edical and  para-mefct 
in stitu tions were con tac ted  an d  these supplied  nam es of 437 m ore persons w ith  diabetes. |
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Table 1 . E stim ation o f the number o f 'persons with diabetes, alive and
in  Edinburgh at 1 Ja n u a ry  1968
Source N um ber
C rurent d iabetes clinic files 2 5 12
Lapsed diabetes clinic files 368
O ther hospitals 437
A dditions b y  general p ractitioners 15°
A dditions from  questionnaire checks 24
Sundry  o ther additions 20
35II
R ejections by  general p rac titioners as
(i) D ead 380
(2 ) L eft E d inbu rgh 71
(3 ) N o t diabetic 5
(4 ) N o t know n 14
O ther sundry  rejections 76
546
T otal persons w ith  d iabetes confirm ed 2965
N um ber w ith  incom plete records 33
N um ber used  for analyses 2932
The y
From  the  3317 nam es tab u la ted , lists were p rep ared  for each general p ractitioner (G.P.)v: list and
had  on his N .H .S. lis t p a tien ts  resid ing in  th e  city , using in fo rm ation  from  th e  hospital files»' among.
from  th e  N ational H ea lth  E xecu tive  Council (N .H .E .C .) R eg ister to  m a tch  th e  patient with! in detai
G.P. The 263 G .P.s were asked to  confirm  or re jec t each p a tie n t on th e ir  lis t and to add! (D and
nam es of any  others w ith  d iabetes in  th e ir  p ractice . A lm ost all th e  G .P .s (259 =  98 %) retiffij practice 
their am ended lists. Of 260 nam es ad d ed  to  these  lists, 110 w ere a lread y  know n, bu t 150 m  income 
were genuine additions to  th e  overall list. On th e  o ther han d , 380 people w ere classifiedbyt practice 
G .P.s as dead, 71 as having  left E d inbu rgh , 14 w ere n o t know n an d  5 d id  n o t have diabe: diabetes 
A fu rther 76 persons re jec ted  b y  th e  G .P .s for unspecified reasons could n o t be located on Howeve 
N .H .E .C . reg ister for E d in b u rg h  an d  were excluded from  th e  overall list. “nldnr
D eletions from  th e  lists w ould be easier to  m ake th a n  additions, as i t  w ould  be more dim h v o  J 
for a G .P. to  recall nam es of d iabetics n o t on his lis t th a n  to  review  th e  h ea lth  sta tu s of identf second ]
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p a t i e n t s .  Many people w ith  m ild  d iabetes, on d ie t tre a tm e n t, m igh t n o t a tte n d  th e  clinic and  
w o u l d  not be on the overall list. I t  w as th o u g h t th a t  G .P.s m igh t add  m any such p a tien ts , an d  
a n y  o l d  patients to  th e ir  lists. To som e e x te n t th is  was tru e  (Table 2 ) ,  there  being a som ew hat 
higher proportion of old d iabetics am ong th e  add itions th a n  in  th e  population . H ow ever, while 
there was a lower p roportion  of in su lin -trea ted  cases am ong additions th a n  in  th e  popu la tion , 
t h e r e  was a much higher p rop o rtio n  of p a tie n ts  tak in g  an  oral hypoglycaem ic th a n  was expected.
Table 2. Comparison o f age and treatment among additions and overall
Percentage
Overall A dditions
C urren t age
<  25 4 3
25-44 1 1 6
4S-Ó4 4 1 37
65 + 43 54
T rea tm en t
D iet 32 29
Oral 36 48
Insu lin 32 23
0-1 0-3 0-5 0-7 0-9 1-1 1-3
Prevalence (%)
Fig. 1. D is tribu tion  of prevalence am ong general practices.
The prevalence of d iabetes in  each  general p rac tice  could be found from  th e  am ended  G.P. 
t.P.k list and the to ta l num ber of p a tie n ts  in  each  poractice. There was a w ide range in  prevalence 
files r  among practices b u t th e  d is trib u tio n  w as N orm al in  form  (Fig. 1). Several p ractices were s tud ied  
with in detail, three w ith  low prevalence (A, B an d  C in  Table 3), tw o w ith  average prevalence 
add (D and E) and two w ith  h igh prevalence (F and  G). The differing age d is tribu tion  in  these 
retiffil practices accounted for som e of th e  differences in  prevalence. H ow ever, o ther factors such as 
10 naf income group, social class an d  d o c to r’s record  system  an d  in te rest m ay also be involved. In  
id by« practice E, the p rac titio n e r p rov ided  a  v e ry  detailed  an d  com plete sum m ary  of people w ith  
dial» diabetes in his practice. T hree new  persons w ith  d iabetes were found in  th e  seven practices, 
jd o n t However, the G.P. files were n o t alw ays su ited  to  searches for d iabetic  pa tien ts , so th e  search 
could not be very thorough, 
e did Two further checks were m ade, using inform ation  from  th e  questionnaire described in  the  
ident second paper of th is  series for w hich diabetics were in terview ed abou t the  diabetic  s ta tu s  of
their relatives. Seven of those in terv iew ed h ad  been o m itted  from  th e  overall list. Of l; 
relatives said to  be d iabetic  an d  w ith  com plete E d in b u rg h  addresses, 17 w ere no t on the oven;  ̂
list. Of these, 6 were dead or h ad  left E d in b u rg h , 5 w ere n o t know n a t  th e  address given art 
could no t be traced, 5 confirm ed th e ir  d iabetic  s ta tu s  an d  one w as n o t diabetic.
Table 3. Prevalence and age distribution o f diabetics in  seven selected general practices
A g e  d i s t r i b u t i o n  ( % )
P r e v a l e n c e  N e w  ,- - - - - - - - - - - - - - - - - - - - - A ,
350 D . S . F a l c o n e r , L. J . P. D u n c a n  a n d  C h a r l e s  S m it h
P r a c t i c e  ( % ) c a s e s < 25 25-44 45-64 > 6 4
L o w  p r e v a l e n c e
A  o - i g 0 51 25 20 4
B  o -25 2 31 25 29 15
C  o -33 0 37 24 26 13
A v e r a g e  p r e v a l e n c e
L> o -59 0 46 29 19 7
E  o -59 0 35 25 27 13
H i g h  p r e v a l e n c e
F  o -86 0 20 19 39 22
G  i -39 1 19 21 36 24
E d i n b u r g h  0-63 38 24 25 13
These various searches y ielded nam es of 2965 people confirm ed to  be d iabetic  and alive it Pn 
E dinburgh  a t 1 J a n u a ry  1968, giving an  overall prevalence ra te  (popu la tion  468,000) of 0-63 1
This is likely to  be an  underestim ate  of th e  tru e  prevalence since th e  searches are incompletfj ftl 
and  only confirm ed cases have been included. R a th e r  th a n  in itia te  fu r th e r  searches, the extent 
of the  underestim ation  has been assessed. Omissions from  th e  clinic a n d  h osp ita l lists might adi 
a fu rth er 5 to  10 cases. In  seven practices s tu d ied  in  d e ta il th ree  new  cases were found, so that 
perhaps another 50 to  100 cases m igh t be found  if  all p ractices w ere so stud ied . Finally of Iff 
relatives said  to  be d iabetic  an d  w ith  E d in b u rg h  addresses, 5 confirm ed new  cases were found I 
A t the  sam e error ra te , for some 3000 d iabetics in  th e  city , an o th e r 50 to  100 cases might If 
expected. Thus, from  these various ind ications, i t  is es tim a ted  th a t  th e re  m ay he a furtlie: 
150 to  300 cases of diagnosed diabetes in  E d inburgh , some 5 to  10 %  of th e  to ta l, that do no: To1Pot
appear on th e  overall list. T hus th e  b est estim ate  of th e  overall prevalence is between (raait (
0-69% . The prevalence in  th e  B irm ingham  s tu d y  (College o f G eneral Practitioners, 19® Pre 
was 0-64% . 1
In  the  2 years after th e  collection of th e  d a ta  h ad  been com pleted, 63 cases th a t had be:  ̂
missed came to  ligh t from  inform ation  ob ta in ed  from  d e a th  certificates an d  other sou« 
A ddition of these cases brings th e  observed prevalence u p  to  0-65 % . These retrospective» 
tions were, however, n o t included in  th e  com putations, p a r tly  because th e  computations Is 
already been com pleted an d  th e  ad d itio n  of these 63 cases m ade a h a rd ly  appreciable different r 
b u t m ainly because th e y  were a  b iased  sam ple, th e ir  ages being nearly  all over sixty. Tliid ejc 
three of th e  2965 confirm ed cases could n o t be used  for co m pu ta tion  because of inconipte ^  
records. The to ta l num ber of d iabetics used  for com pu ta tion  w as therefo re  2932. (»[■
the
Population numbers
The d istribu tion  of tire popu la tion  of E d in b u rg h  by  10-year age in te rv a ls  an d  sex was supph |3y 
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based on the 1961 census an d  th e  1966 p a r tia l census reports. The d istribu tions of th e  tw o sexes 
,-iven in Table 4 for 10-year in tervals . To ge t the  d is tribu tion  by  5-year in te rva ls  for 1967, 
shown in Tig- 2> eacl1 1 °-y ear in te rv a l w as sp lit in  th e  same proportions as those in  th e  full 
1961 census.
Table 4. Numbers o f diabetics grouped by current age (at 1 January  1968) and onset age
C urren t age
O n s e t  ,------------------------------------------------ *---------------------------------- — --------- ,
age 0 - 9  1 0 - 1 9  2 0 - 2 9  3 0 -3 9  4 ° “ 49  S o -5 9  6 0 - 6 9  70 -7 9  8 0 - 8 9  9 0 +  T otal %
Hales
0-9 4 16 5 5 —  —  —  —  — —  30 2-4
10-19 —  17 33 18 10 3 g3 6.5
20-29 —  —  21 35 32 7 5 1 —  —  101 8-i
30-39 — —  —  23 59 23 15 2 —  —  122 9-7
40-49 — —  . —  —  68 91 32 2 2 —  195 15-5
50-59 —  —  —  —  —  159 137 28 3 — 327 26-1
60-69 — —  —  —  —  —  183 91 6 —  280 22-3
70-79 _  —  —  _  83 21 —  104 8-3
80-89 —  —  —  —  —  —  —  —  13 1 14 i- i
Total diabetics 4 33 59 81 169 283 373 207 45 1 1255
Population,
th o u s a n d s  3 9 ' ° 5  3 5 ' 9 3  2 8 - 2 7  2 6 - 4 4  2 6 - 3 7  2 8 - 4 3  2 1 - 3 3  9 - 9 1  2 - 9 5  0 - 1 5  2 1 8 - 7
Prevalence
per t h o u s a n d *  o-io  0 - 9 2  2 - 0 9  3 - 0 6  6 - 4 1  9 - 9 5  1 7 - 5  2 0 - 9  1 5 - 3  6 - 8  5 - 7 4
Females
0 - 9  6  1 3  1 0  2  1 —  —  —  — -  —  3 2  1 - 9
1 0 - 1 9  "—  2 0  2 4  1 1  7  5  — - —  — - —  6 7  4 - 0
2 0 - 2 9  —  —  2 4  2 6  2 2  9  2  —  —  —  8 3  4 - 9
3 0 - 3 9  —  —  —  33  54  34  1 1  4  1 —  1 3 7  8 - 2
4 0 - 4 9  —  —  —  —  4 5  8 3  6 3  1 4  —  —  2 0 5  1 2 - 2
5 0 - 5 9  —  —  —  —  —  1 4 9  2 2 3  7 9  2  —  4 5 3  2 7 - 0
6 0 - 6 9  —  —  —  —  —  —  2 5 7  1 7 9  2 1  —  4 5 7  2 7 - 2
7 0 - 7 9  —  —  —  —  —  —  ■— - 1 6 5  5 1  —  2 1 6  1 2 - 9
8 0 - 8 9  —  —  —  —  —  —  —  —  2 5  1 2 6  i - 6
9 0 +  —  —  —  —  — • —  —  —  —  1 1 o - i
Total d i a b e t i c s  6  3 3  5 8  7 2  1 2 9  2 8 0  5 5 6  4 4 1  1 0 0  2  1 6 7 7
Population,
th o u s a n d s  3 7 - 3 0  3 5 - 2 0  2 9 - 7 0  2 7 - 7 5  2 9 - 7 6  3 4 - 2 7  2 9 - 4 4  i 9 ' ! 5  6 - 5 5  0 - 4 5  2 4 9 - 6
Prevalence
per t h o u s a n d *  0 - 1 6  0 - 9 4  1 - 9 5  2 - 5 9  4 - 3 4  8 - 1 7  1 8 - 8  2 3 - 0  1 5 - 3  4 - 4  6 - 7 2
* Allowance for the  estim ated  num bers n o t ascerta ined  w ould raise th e  prevalence figures b y  betw een 
5 and 1 0 % .
A N A L Y S IS  O F  D A T A  
Methods
The primary d a ta  consist o f th e  cu rren t age, G (at 1 J a n u a ry  1968) and  th e  onset age, 0 , of 
wli individual. F ro m  these  ages, tw o add itional sta tis tics  of in terest can im m ediately  be 
obtained: the duration  of th e  disease, D  (given b y  G -  0) an d  th e  year (i.e. date) of diagnosis, Y  
(givenby 1968 — D). These derived  s ta tis tics, how ever, are com pletely correlated, since Y  + D  is 
tksame for all ind iv iduals ( Y  + D  =  1968).
Tor the analysis of th e  d a ta , th e  ind iv iduals m ust be grouped, and  the  grouping can be done 
any of the three c r ite r ia : cu rren t age, onset age, or du ra tion  an d  year of diagnosis. In  order 
to understand the im plications o f th e  grouping  for th e  analyses th a t  follow i t  is necessary to
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consider the  s truc tu re  of the  p rim ary  d a ta  in detail. The various groupings used were all madt m 
by  accum ulation from  a tab le  of cu rren t age and  onset age in  1-year in te rv a ls  (i.e. the primsm fo 
data). F ig. 3 illustra tes th e  upper left corner of th is  tab u la tio n . The colum ns are 1-year inter«]; fe
o
Z
Age in 5-year groups 
Fig. 2. Age d is tribu tion  of popu la tion  in  5-year groups.
Fig. 3. S tructure  of th e  tab u la tio n  b y  single years o f cu rren t age and  onset age, w ith  the duration 
in  yeai’S en tered  in  each cell. F u rth e r  exp lana tion  in tex t.
of current age an d  th e  rows are  1-year in te rva ls  of onset age. In  th e  ac tu a l tab le  u sed  then® 
bers of diabetics in  th e  d a ta  were en tered  in  each  cell. I n  Fig. 3, how ever, th e  num ber shotf® 
each cell is th e  d u ra tio n  corresponding to  each cu rren t- an d  onset-age. F ive-year group-'1 
curren t age are m arked  b y  v ertica l b roken  lines, an d  5-year groups o f onset age by liorizffl»
1 fflaE ^broken lines. Five-year g roups o f d u ra tio n  are  m arked  by  th e  s tepped  diagonal lines.''A t th e  
rimart foot of the table are th e  pop u la tio n  num bers corresponding to  each current-age group. The 
tervai features of the table th a t  have im plications for th e  analyses are as follows.
1 Totalling the num bers of d iabetics in  th e  eurren t-age groups (columns) an d  div id ing  by  
the corresponding popu la tion  n u m b er gives th e  age-spoecific prevalence.
2 Totalling the num bers of d iabetics in  th e  onset-age groups (rows) gives th e  d is trib u tio n  of 
onset age among living d iabetics.
3 Grouping by curren t age an d  b y  onset age leads to  th e  grorrps having  d u ra tions th a t  span  
twice the grouping in te rv a l an d  th a t  overlap  betw een neighbouring groups. F o r exam ple, th e
i „oup with current age 5 -9  an d  onset age 0 -4  has du ra tions ranging  from  1 to  9 y e a rs ; and th e  
neighbouring group w ith  cu rren t age 10-14 an d  onset age 0 -4  has du ra tions ranging  from  6 to  
14 years. For this reason grouping  b y  cu rren t age an d  onset age is n o t su itab le for an y  analysis 
where the duration is of p rim ary  in te rest. F o r these analyses th e  grouping m u st be done by  
juration. The main grouping to  be used  in  th e  subsequen t analyses is b y  onset age an d  dura tion .
4. Grouping by onset age an d  d u ra tio n  has tw o consequences o f im portance, w hich can be 
sen by consideration of F ig . 3.
(i) Within each onset-age group , d u ra tio n  is correlated  w ith  cu rren t age, so th a t  th e  groups 
I with longer durations also have  h igher cu rren t ages.
(ii) The calculation of th e  frequencies o f d iabetics in  each group is n o t s tra igh tfo rw ard  
because each 5-year group o f onset-age an d  d u ra tio n  spans 9 years o f cu rren t age. The popula-
l tion numbers in each ciu’ren t-age  group  rep resen ted  have therefore to  be w eighted  app rop ria te ly  
in the calculation of th e  frequencies. Consider for exam ple th e  group w ith  onset-age 0 -4  and  
| duration 5-9. There are 25 single-year cells in  th e  group, of w hich 15 fall in  th e  curren t-age 
group 5-9, and 10 in  th e  cu rren t-age group 10-14. The w eighted pop idation  n um ber app rop ria te  
to this group is therefore 0-6Aj5_9)-|- 0-4A(10_14). D ivision b y  th is  n um ber gives th e  frequency in  
a 5-year age group. T he w eightings ap p ro p ria te  to  o ther groupings were calculated  in  a 
similar way.
5. Along the diagonal o f F ig . 3 are ind iv iduals whose onset age is th e  sam e as th e ir  cu rren t 
| age. and whose d u ra tion  is therefo re  less th a n  one year. These will be referred  to  as th e  ‘zero-
duration’ groups. The accum ulation  of th e  num bers of d iabetics in  th e  diagonal cells w ith  onset 
from 0 to 4, for exam ple, gives th e  zero -dura tion  group in  th e  0 -4  onset-age group. I f  th e  
single-year cells of Figy 3 are  im agined  as being subdiv ided  in to  m onths or days, i t  will be seen 
th&t no individual could ap p ear below  th e  diagonal b isecting each cell, because th e  onset age 
atmot be greater th a n  th e  cu rren t age. C onsequently  th e  num ber of diabetics recorded  in  each 
»-duration group will be only  h a lf  th e  num ber th a t  would be found b y  retrospective  recording 
of individuals a t th e ir n e x t b ir th d ay . Therefore to  o b ta in  th e  tru e  frequency o f d iabetics w ith  
«o-duration (i.e. d u ra tio n  less th a n  1 year) th e  observed num bers m ust be doubled. This p o in t 
"ill be further discussed la te r. T he m ean  d u ra tio n  of th e  disease in  individuals in  th e  zero- 
atioa duration groups is th eo re tica lly  0-5 years.
¡he l® Prevalence and age o f onset
shown The individuals com prising th e  d a ta  were first grouped  by  cu rren t age (a t 1 Ja n u a ry  1968) 
youp' by onset age. The grouping  w as done in  5-year an d  in  10-year in tervals. Table 4 gives th e  
orizont numbers of diabetics in  10-year g roups o f cu rren t age an d  of onset age. Fig. 4 shows th e  age-
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specific prevalence in  each sex in  5-year groups o f cu rren t age. U p to  th e  age of 40 the prevaler«, ^
is the  same in  the  tw o sexes ; from  40 to  60 i t  is h igher in  m ales, a n d  from  60 to  80 it is a litft tr®
higher in  females. On th e  logarithm ic scale th e  increase in  p revalence is n o t far from beir '>er 
linear; betw een the  ages of 10 an d  60 th e  prevalence increases a b o u t 2f-fo ld  in each 10year 311'
01- is doubled in  each 8 years. The m axim um  prevalence occurs betw een  75 and 80 when it; ^
2-3%  in males and  2-6%  in  fem ales. I f  allowance is m ade for th e  estim ated  deficiencyi> 11118 
ascerta inm ent the  prevalence figures w ould be increased  b y  betw een  5 an d  10% , bringing ft I®11 
m axim um  prevalence to  2-4-2-5%  in  m ales an d  2-7-2-9%  in  fem ales. O ver the age of 80tf
Fig. 4. O bserved prevalence, per thousand , in  5-year age groups.
Fi
fa
prevalence falls off steeply. This m ay  be due to  differential m o rta lity , or i t  m ay reflect a it 
proportionate num ber of om issions from  th e  records. D iabetics of th is  age are more likely tk 
younger ones to  be tre a te d  by  th e ir  G .P. ra th e r  th a n  in  hosp ita l, an d  so are  m ore likely tote: 
been missed in  the  recording.
Pig. 5 shows th e  d is trib u tio n  of th e  age of onset in  5-year in te rv a ls  am ong the diabetic;: 
the  data . E arlier onset is m ore freq u en t am ong m ales th a n  am ong fem ales an d  later onset* 
frequent am ong females th a n  am ong m ales. The m ean  age of onset is th u s  lower in males (f 
years) th a n  in  females (53-8 years). The m ost freq u en t (modal) age o f onset is, however,4j 









The d istribu tion  of d iabetics grouped  b y  cu rren t age an d  by  onset age, as in  Table 4, F  
some in teresting  problem s connected  w ith  th e  in te rp re ta tio n  o f th e  age-specific prevalence l* 
and  of the  d is tribu tion  of onset age, p a rticu la rly  w hen these are used  to  derive the morbi 
risks. I t  is ap p aren t th a t  th e  num bers in  an y  onset-age group, i.e. th e  row s of Table 4, aW'F 
different in  th e  d ifferent curren t-age groups (columns). E x cep ting  th e  cells o f th e  diagonal: 
num bers in  each onset age decrease rap id ly  as th e  cu rren t age increases. Allowance for the-
envi
11
i s t i
inert
fa
>valet distribution of the popu la tion  b y  expressing th e  resu lts  as frequencies has little  effect on these 
■ a it trends. This reduction o f th e  frequency  w ith  increasing cu rren t age in  any  onset-age group will 
in be' be referred to simply as th e  ‘frequency  re d u c tio n ’. I t  is clear th a t  the  frequency redu c tio n  has 
0 , an important influence on th e  d is trib u tio n  of age a t  onset ob ta ined  b y  to ta lling  th e  rows of 
lien it' Table i  and on the age-specific prevalence, o b ta in ed  by  to ta llin g  th e  colum ns. P roper account 
iencv must therefore be tak en  of i t  in calcu lating  th e  m o rb id ity  risks. Before going on to  th e  calcula- 
v V tion of the m orbidity risks, we shall consider briefly th e  possible causes o f th e  frequency
3 it
f 80 tt reduction.
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A g e  o f  o n s e t
Fig. 5. D istribution  of onset age am ong living diabetics. Onset age in  5-year age groups.
Fig. 3 shows th a t  in  an y  onset-age group , cu rren t age is correlated  w ith  th e  d u ra tio n  of th e  
fease and, as explained in  th e  m ethods section, w ith  th e  d a te  of diagnosis. Therefore th e  
frequency reduction m ay  he associated  e ith er w ith  th e  d u ra tio n  of th e  disease or w ith  th e  da te  
ct a(|j of diagnosis. The possible causes are :
eivtk (') Differential m ig ra tion : a  g rea te r tendency  for d iabetics to  leave the  area  under stu d y  or 
dote *ornon'diabetics to  en te r it.
(ii) Recording lo ss: a ten d en cy  for d iabetics diagnosed a t  earlier dates to  be lost from  th e  
.better Kwds-
set* ^  Remission, or cure.
iles(#' ^  -differential m o rta lity : a higher ra te  o f m o rta lity  of diabetics th a n  of non-diabetics in
ever, fij ̂ same c°hort.
| (v) Increasing detection  r a t e : due to  e ither (a) a  higher proportion  of th e  diabetics in  th e  
population being detected , or (5) a  rea l increase in  th e  incidence of diabetes as a  resu lt of some 
environmental change unconnected  w ith  diagnosis.
4 *  ™ &st three of these seem un likely  to  cause so g rea t an  effect an d  we shall assum e th a t  th e  
nee rat ®ecluency reduction reflects eith er differential m o rta lity  or increasing detection  ra te . I f  m o rta lity  
lorbi k^e cause, the frequency redu c tio n  will he associated w ith  the  d u ra tio n  of th e  disease, w hile if  
are« 11CTeasing detection ra te  is th e  cause i t  will he associated w ith  th e  date  of diagnosis. B u t i t  is 
onai i ll0t possible to discrim inate betw een  these  tw o by  any  d irect m eans because the  d u ra tio n  and  th e  
r tlita °f diagnosis are com pletely  correlated . W e shall, however, re tu rn  to  th is  question la ter.
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M orbidity risks  al
The age-specific ann u a l incidence, to  be called th e  m o rb id ity  risk  is th e  probability that  ̂
individual will be diagnosed as d iabetic  w ith in  an y  p a r tic u la r  y ear of his age. This is the ac. ”|l 
specific frequency of new  cases. The frequency  of living d iabetics in  each  onset-age group will J 
serve to  estim ate th e  age-specific frequency of new  cases, because th e  frequency falls off J  ! 
increasing d u ra tion  of th e  disease. C onsequently , if  an y  b u t  th e  v e ry  recen tly  diagnosed case ° 
are to  be used to  estim ate  th e  m orb id ity  risk , th e  d u ra tio n  has to  be ta k e n  into account.






D ura tio n  (years)
Ar
O 1 - 4 5-9 1 0 - 1 4  1 5_ I 9 20-24  25-29 30-34 35-39 40-44 45-49 Total
Males
o-9 18 I 5 8 5 4 4 3 — — ~  ~  30
10 - 19 29 3 18 16 1 1 12 6 8 4 3 0 i 82
20-29 39 4 20 16 17 17 12 7 3 2 2  I  10 1
30-39 48 5 19 30 23 14 14 5 10 i i  —  122
40-49 54 13 58 58 34 17 9 2 2 2 —  —  195
50-59 61 30 139 94 36 2 1 4 2 i — —  —  327
60-69 69 34 133 82 23 7 I — — — —  — 280
70-79 77 15 56 30 3 — — — — • — —  —  104
80-89 85 6 7 i H
Totals h i 455 335 152 92 50 27 20 8 3 2 1255
Females
0-9 18 i 6 6 9 5 i 2 i 0 i  —  32
10 - 19 29 3 16 13 8 7 8 4 3 3 i  i 67
20-29 38 3 18 18 10 15 8 2 5 4 -  83
30-39 48 5 34 20 26 20 9 12 5 5 i — 137
40-49 57 10 42 39 44 35 19 7 6 3 — —  205
50-59 64 29 130 123 87 61 18 4 i — 453
60-69 70 41 195 14 1 58 20 2 457
70-79 78 35 107 62 12 — ------- — — — — - —  216
80-89 86 7 16 3 — — —  —  26
90 + 93 — i — — — ------- — — — —  —  i
Totals 134 565 425 254 163 65 3 1 2 1 15 3 i
Table 5 shows th e  num bers of diabetics grouped  b y  onset age an d  du ra tio n , as explaifie®
the M ethods section. O nset ages are g rouped  in  1 0 -yea.r in te rv a ls  an d  durations in 5f ^
in te rv a ls ; th e  groups w ith  dura tions 0 -4  years are d iv ided  in to  tw o— those  w ith  ‘zero-dimtiot fe-
and  those w ith  1-4 y ea rs’ du ra tion . The num bers of d iabetics in  these  groups were com# 11
to frequencies in  th e ir ow n cohorts, in  th e  m anner a lready  explained. This gave the freqnat t0*
in 5-year age-groups o f th e  population . These frequencies were th e n  d iv ided  b y  5 to obtaint 101
average annual incidence of new cases as e s tim a ted  from  th e  d iabetics in  each cell of the taW ac
tion. The annual incidences in  th e  zero -dura tion  groups were based  on  tw ice the obserf C01
ms
num bers, for the  reasons g iven above. T he an n u a l incidences are g iven in  Table 6 .
E ach  row  of Table 6  contains a  series of estim ates of th e  m o rb id ity  r isk  a t  the  age to'b
i . • ire
the  row  refers, i.e. th e  onset age. The successive estim ates, from  left to  r ig h t along the row,» : 
derived from  diabetics who w ere diagnosed a t  successively earlier dates, an d  who have had*, 
disease for successively longer durations. T he frequency  red u c tio n  along th e  rows is if
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apparent. The true  m o rb id ity  risk  to  be e s tim a ted  is th e  annual incidence a t  th e  da te  of th e  
1968-w h ic h  should  be based  on d iabetics whose d u ra tio n  is s tric tly  zero. D irect, b u t 
that t t folly satisfactory, estim ates can be o b ta in ed  from  th e  annual incidences in  th e  groups w ith  
^lea?' the shortest durations, i.e. th e  g roups w ith  ‘ze ro -d u ra tio n ’ and  1-4 years dura tion . T he age- 
1wilts, specific morbidity risks derived  from  these groups are show n in Fig. 6 . The zero-duration  groups 
wt! much higher estim ates th a n  th e  g roups w ith  1—4 y ears’ du ra tion , alm ost tw ice as g rea t in
ed cast people over 30. 
mt,
Table 6 . A n n u a l incidence o f new cases per  100,000, estimated from  
the numbers in  Table 5
M edian year o f diagnosis, and  dura tion  (years)
Total l \ f  Aolion -____ A1VJ.&U.Kill r
o n s e t  1 9 6 8 1 9 6 5 i 9 6 0 1955 1950 1945 1 9 4 0 1935 1 9 3 0 1 9 2 5 1 9 2 0
30
a g e o '5 3 7 '5 I 2 ' 5 17-5 2 2 ’ 5 27-5 3 2 - 5 37'5 42-5 47 '5
82
101
M a l e s
S 5 ' i 3'3 4 '5 2 - 8 2'5 2-9 2-3 _ __
122 15 17 1 3 1 0 8 - o 9 - 1 4'5 6 0 3 - 0 2 2 — o - 8
195 2 5 2 8 1 8 1 2 1 3 1 3 9 0 5 - o 2 - 2 i - 6 2 - 1 i - 6
327 35 3 8 1 8 2 2 1 7 1 0 1 0 4 - i I I i * 6 2 ’4 —
280 45 99 54 4 2 2 5 1 4 9 - 6 3 - i
CO 8 - 4 --- —
104 55 2 1 1 1 2 7 77 3 8 33 9 - 6 8 - 4 9 - 4 — --- —
0 65 319 1 8 4 1 2 7 55 2 9 9 '4
1255 75 3°3
1 7 6 1 2 6 2 8




F e m a l e s
5 5'4 4 - 2 3'5 5 - i 3 - i 0 - 7 i '4 0 - 7 0 - 7
1 5 1 7 1 1 8 ’o 5'5 5 ° 5 '7 2 - 7 2 - 0 i - 8 o - 6 o - 6





35 3 6 3 0 1 4 1 7 1 2 5'3 7 - 6 3 - 6 4*4 1 - 2 —
45 6 7 34 2 4 2 6 2 2 1 4 6 1 7'3 6 0 --- —
55 1 6 9 97 78 6 3 53 2 2 8 - o 4 - i — --- —
65 2 7 8 1 7 8 1 2 3 7 i 4 0 8 - 2
26
1
75 3 6 6 1 7 0 1 2 4 49
8 5 2 1 4 8 9 37
1677
There are two reasons w hy  th e  zero -duration  groups are  unsatisfac to ry  for estim ating  th e  
lainedt Morbidity risks. F irs t, th e y  rep resen t only  a  sm all p a r t  o f th e  to ta l d a ta  and  th e  num bers in  th e  
n 5-w P0UPS are small. Secondly, th e  a rg u m en t leading to  th e  doubling of th e  observed num bers 
urate ®™es that the collection of th e  d a ta  w as effectively instan taneous. This is unlikely  to  be tru e  
onveij >1 practice. Though all ages w ere recorded  as a t  a single d a te  -  1 J a n u a ry  1968 -  th e  d a ta  w ere 
>quew c*cted over a period of several m onths an d  new  cases diagnosed during th is  period  w ould 
btaim tad to make the recording p a rtia lly  re trospective  an d  so swell th e  num bers in  th e  zero-duration  
e tali Pwps. It will be show n la te r  th a t  th e  num bers in  th e  zero-duration  groups are higher th a n  is 
obseflt compatible with the  re s t o f th e  d a ta , an d  rep resen t abou t 65 % of th e  new cases arising in  1-year, 
instead of 50% as expected  i f  record ing  w ere instan taneous, 
to ifli The estimates derived from  th e  groups w ith  1-4 years d u ra tion  have th e  advan tage  th a t  these 
, roiv. S^ps contain the  largest num bers o f ind iv iduals an d  so th e  estim ates are th e  least sub jec t to  
3 hah 5ampling- error. B u t th e  frequency  redu c tio n  over th e  period  of 1-4 years m ay n o t be negligible 
is ai ant̂ this reason th e  estim ates are  likely to  be too low.
T hough the  tw o estim ates p resen ted  so fa r are  n o t fu lly  sa tisfac to ry , th ey  provide a vat 
com parison betw een th e  tw o sexes. The graphs in  Fig. 6 show th a t  th e  morbidity r i s]i s ... t0 CX°  
higher in  m ales th a n  in  fem ales an d  th e  tw o estim ates are  essen tially  consisten t in the difference 'lK''lW 
shown. There is little  difference below th e  age of ab o u t 20 an d  above ab o u t 60. The great« ** ^  
difference is betw een abou t 40 and  60, w hen th e  risk  to  m ales is ab o u t 1-5 times the risktn 8 6 8 11  
females.
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Fig. 6 . M orbidity risks per thousand  per annum , estim ated  from  th e  frequencies o f diabetics with 
‘zero-duration’ (th in  lines) an d  w ith  du ra tions of 1 -4  years (th ick  lines). Ages in  10-year groups. ex̂
The best estim ate  of th e  tru e  m orb id ity  risk  is to  be o b ta in ed  b y  u tiliz ing  all the  data in e« 
row of Table 6, and  m aking p roper allowance for th e  frequency  reduction . Figs. 7 and 8 shov, 
for males and  females respectively , th e  m o rb id ity  risks e s tim a ted  from  th e  first four columns c 
Table 6, i.e. th e  groups w ith  du ra tions o f ‘z e ro ’, 1-4, 5 -9  an d  10-14 years. I t  is clear that® 
the  logarithm ic scale th e  estim ates fall off fa irly  regu larly  w ith  increasing duration. By evalt 
ating  the  ra te  a t  w hich th e  estim ates fall off we can ex trap o la te  b ack  to  a  du ra tion  of zero ar.: 
so estim ate th e  tru e  m orb id ity  risk. This w as done b y  fitting  lin ear regressions, as follows.
The logarithm  of th e  estim ate  of ann u a l m orb id ity  risk  was p lo tte d  ag a in st th e  mean dnratic 
of the  group. This was done separa te ly  for each group of onset ages, an d  th e  results are shorn 
in  Fig. 9. The graphs show an  essentially  linear re la tionsh ip  betw een  th e  logarithm  of the® 
and  th e  du ra tion  in  years in  each onset-age group, b u t  th e  slopes differ betw een the group 
E x trapo la tion  to  a  d u ra tion  of zero w as m ade b y  calculating  th e  in te rcep t o f th e  linear regress® 
line fitted  to  th e  points. T he in te rcep ts are  m ark ed  on th e  v e rtica l axes o f th e  graphs, H 
regression coefficients, estim ating  th e  slopes, w ill be used  in  la te r  sections. I t  would havela 
an  advan tage if  th e  po in ts used  to  calculate th e  regressions could have been weighted bv tie" 
reliability , since some are based  on m uch  larger num bers of d iabetics th a n  others. But to weigh 
by  the  num ber on w hich each p o in t is based  w ould have in tro d u ced  a b ias, since the nunihSj j|K 
observed are sub jec t to  sam pling error an d  th e  estim ate  itse lf is dependen t on the nui* and 8 
observed. So th e  regressions were calcu lated  w ith o u t w eighting. T he po in ts  representing t* dnrati 
longer durations, however, are based  on very  sm all num bers of diabetics, an d  i t  seemed desirw 0vet f
a  Ta'‘ to e x c l u d e  these. F ive d iabetics in  th e  g roup  w ere se t a rb itra rily  as th e  sm allest num ber for 
¡nciusion. The points for ‘zero d u ra tio n ’ w ere also excluded because of th e ir  u n certa in  v a lid ity , 
ier®fr ,13 explained above. The po in ts  to  w hich th e  regression lines were fitted  are  connected by  full
g l 'e a te  lines in  the graphs in F ig . 9.
! risk t
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Fig. 7. Morbidity risks o f m ales, per th ousand  per annum , estim ated  from  th e  frequencies of diabetics 
with different durations as show n. The crosses are  th e  estim ates from  th e  regression in tercep ts as 
explained in th e  tex t. Ages in  10-year groups.
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1111 , Tie morbidity risks e s tim a ted  from  th e  regression in tercep ts, are shown b y  crosses in  Figs. 7 
. 8. These estim ates all fall fa irly  regu larly  betw een th e  values ob tained  from  th e  ‘zero­
th' . duration’ groups and  th e  1—4 years d u ra tio n  groups. This shows th a t  th e  m orb id ity  risks were 
iru-estimated by doubling th e  n u m b ers  in  th e  ‘ zero-duration  ’ groups. A veraging all age groups
10-1 4
10 20 30 40 50 60 70 80 90
A ge
Fig. 8 . M orbidity  risks of fem ales, as Fig. 7.
x = ln t e r c e p t  o f reg re ssio n  ~ 
o n  d u ra tio n
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and bot-li sexes, the  estim ates from  th e  ‘z e ro -d u ra tio n ’ groups are 1-3 tim es the  estimatesfr( 
the  regression in tercep ts. The num bers recorded  w ith  ‘z e ro -d u ra tio n ’ w ere therefore h3f 
the  expected num ber of new cases in  a h a lf  year, or 0-05 tim es th e  expected  num ber of new 
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Duration (years) and year of diagnosis
Eig. 9. Log of annual m orb id ity  risk  per 100,000 p lo tted  aga in s t du ra tio n  an d  y ear of diagnosis. 
E ach  graph  refers to  a  10-year group o f onset age, as ind icated . L inear regressions fitted to the 
points connected b y  solid lines have  in tercep ts on th e  m orb id ity  axes m ark ed  b y  the  dots.
The re liab ility  of th e  various estim ates of th e  m orb id ity  risks described above may f 
sum m arized as follows. The ‘zero -d u ra tio n ’ groups give estim ates th a t  are unreliablebecatt 
th e  period a t  risk  is u n ce rta in  an d  because of sm all num bers. The 1 -4  years duration giofj 
give estim ates th a t  are b iased  b y  th e  frequency red u c tio n  b u t  are  th e  m ost reliable in ref i 
of num bers. The regression in tercep ts  give estim ates th a t  are unb iased  h u t  are unreliable in# 
youngest an d  oldest age groups w here th e  regressions are based  on v e ry  few  points. The rest 
were com bined in  a  som ew hat a rb itra ry  m anner, b y  draw ing sm oothed curves taking accoij 
b o th  of th e  unb iased  in te rcep t estim ates an d  of th e  tre n d  o f th e  m ore reliab le 1-4 years dun® 
groups. These curves are show n in  Fig. 10.
By
preva
E arly  onset
One of th e  chief reasons for calculating  th e  tru e  annual m o rb id ity  risks a t  different ages' 







:es fMt ^ te g .  If these were clearly  d is tin c t diseases w ith  little  overlap of onset ages there  w ould be 
'3%  a reduced morbidity risk  a t  ages betw een  th e  la s t of th e  early-onset cases an d  th e  first o f th e  
aweas. y e.0nset cases. Or, if  th ere  w ere some overlap  o f onset ages th e  m orb id ity  curve w ould have 
an inflexion or d iscontinu ity  in  its  ra te  o f increase. There is in  fac t some ind ica tion  of a  d is­
continuity in males, an d  possib ly  also in  fem ales, betw een  th e  ages of ab o u t 20 an d  40. The 
observed morbidity cmwe is therefo re  com patib le w ith  early- an d  la te-onset d iabetes being 
aetiologically d istinct; b u t  i f  th e y  are, th e re  m u st be a  w ide overlap betw een  th e  tw o in  th e  ages 
of onset. If the observed m o rb id ity  risk  is th e  sum  of tw o separa te  risks, th e  onset age of th e  
juvenile form m ust ex ten d  up  to  ab o u t 35 or 40, an d  th e  onset age of th e  a d u lt form  m ust 
extend down to abou t 20. T he evidence for th e re  being tw o separa te  d istribu tions of risk  is, 
I however, far from conclusive a n d  th e  d iscontinu ities in  th e  observed m orb id ity  curves m ay  be 
! no more than sampling error.
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;nosis. F ig . 10. Age-specific annua l m orb id ity  risk, per thousand.
:o the Sm oothed curves d raw n from  Figs. 7 an d  8 .
i I Potential prevalence
etjecae % cumulating th e  m o rb id ity  risks a ‘p o ten tia l p rev a len ce’ can be calculated. The cum u- 
jngi'of: b r is k s , estim ated from  th e  regression in tercep ts, are  show n in Fig. 11 w ith  th e  observed 
tu respf Preralences for com parison. The p o ten tia l prevalence is th e  prevalence th a t  w ould be found  if 
He id tllere*ere no frequency reduction . I f  th e  frequency  reduction  is due to  m orta lity , th e  p o ten tia l 
lie iesr Prevalence shows w h a t th e  p revalence w ould  be in  th e  absence of differential m o rta lity , an d
o- aceov it may be expected  to  be in  th e  fu tu re  if  m ethods of tre a tm e n t are perfected. I f  th e  
i durf &ecP’eilcy reduction is due to  increasing detec tion  ra tes, th e  po ten tia l prevalence shows w h a t 
fflnst be expected in  th e  fu tu re  if  th e  de tec tion  ra te  continues a t  its  p resen t level. The p o ten tia l 
Prevalence exceeds 1 % b y  th e  age o f 50 an d  rises to  ab o u t 8 %  a t  80. I t  is double th e  ac tua l 
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M ortality
The tw o m ost likely causes of th e  frequency  red u c tio n  w ere s ta te d  earlier to  he different̂  
m orta lity  an d  increasing detection  ra te . T he ra te  a t  w hich th e  frequency  o f diabetics is reduct 
w ith  increasing duration , or w ith  earlier d a te  o f diagnosis, allows us to  set upper limits to eith 
of these causes on th e  assum ption  th a t  th e  one un d er discussion is th e  sole cause of the keeper,;: 
reduction. M ortality  is considered in  th is  section  an d  de tec tion  ra te  in  th e  next. In  both case, 
the  estim ates are derived from  th e  regression coefficients f itte d  to  th e  graphs in Pig. 5 
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Fig. 11. A nnual m orb id ity  risks cum ulated  to  show ‘p o te n tia l’ prevalence.
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age. It : 
estimati
The relative ra te  of su rv ival o f d iabetics is e s tim a ted  from  th e  regression coefficient ‘fern 
follows. L e t q0 be th e  frequency, in  an y  cohort, o f new  cases diagnosed in  any  particular*®rtali1 
L et q1 be the  frequency of these d iabetics in  th e  sam e cohort one y ea r la te r. T hen  qjq0 = A'giwadhe t< 
the  ra te  of surv ival over one year of d iabetics re la tiv e  to  th e  p o p u la tio n  as a whole. Nowletd1 age I 
be the  frequency in  th e  sam e cohort a fte r a  d u ra tio n  of d years, an d  assum e th a t k remaii j 
constan t over th is  period. T hen  qa =  q0kd, or logqd =  logg0 +(logA )d. This equation is c 
len t to  a linear regression equation , log/c being th e  slope from  w hich th e  re la tive  survival,! These
estim ated. The near-linearity  of th e  graphs shows th a t  lc is co n s tan t w ith in  each age groupo i-b t im a tc
the  range of d u ra tion  covered, an d  th e  assum ption  of constancy  is therefore justified, ® ' Je 
though lc differs betw een age groups. 1
The relative ra te  of survival, 1c, is re la ted  to  th e  m o rta lity  as follows. L e t a =  the am 
of m orta lity  from  all causes in  non-diabetics. T he ann u al ra te  o f su rv ival is then 1-D 
b = the  add itional p robab ility  of d ea th  associated  w ith  d iabetes. D ea ths associated * 'en a 
d iabetes need n o t necessarily have d iabetes as th e  p rim ary  cause; th e y  can have anyca>lit e^le 
which th e  risk  is increased b y  d iabetes. D iabetics are sub jec t to  b o th  risks, from  all cause® 
associated w ith  d iabetes, an d  th e  add itional risks associated  w ith  diabetes. The
m o rta lity  rate among d iabetics is th e n  th e  jo in t p robab ility , a +  b — ab, an d  th e  surv ival ra te  is 
I_(d+i-a&) = ( ! - « )  (! — &)■ T he re la tiv e  ra te  of surv ival, estim ated  from  th e  regression 
efficients, becomes in  these  term s,
«® tif 7. ( i - a )  ( 1 - 6 )  , ,
r e d u c e  1 - a  ’
icu jwhence, 1 — & = b. Thus, 1 — k  estim ates th e  ad d itiona l ann u al m o rta lity  risk  associated w ith  
th ca»̂ abet6S'
¡„ 5 It has already been n o ted  from  F ig . 9 th a t  th e  slopes of th e  graphs differ according to  th e  
onset age of the group, groups w ith  h igher onset age hav ing  g rea te r slopes and  therefore higher 
additional mortality risks. One w ould have expected  th e  ad d itiona l risk  to  diabetics to  be m uch 
L a te r  in early onset th a n  in  la te  onset cases, because juvenile d iabetes is generally  m ore severe. 
A difficulty inherent in  th e  d a ta  is th a t  onset age is largely  confounded w ith  cu rren t age an d  th e  
correlation between th em  is high. This can  be seen from  th e  ta b u la tio n  b y  onset age an d  cu rren t 
¡ge in Table 4, where th e  correlation  betw een  th e  onset age an d  th e  cu rren t age of th e  groups 
Ijcejlsof the table) is 0-83. T hus th e  g rea te r add itio n a l risks in  th e  older groups m ay  be associated 
with their higher curren t age ra th e r  th a n  th e ir  h igher onset age. To t ry  to  resolve th is  po in t, 
analyses of a similar form  to  those ju s t  described were carried  o u t on th e  d a ta  grouped  b y  
went age and duration . T he tw o groupings, how ever, led to  su b stan tia lly  th e  sam e estim ates 
rfthe additional m o rta lity  w hen  com pared  on th e  sam e age-criterion, i.e. th e  m ean  cu rren t 
f  in both groupings or th e  m ean  onset age in  b o th  groupings. I t  was therefore n o t possible to  
bide whether the increasing risk  is associated  w ith  onset age or w ith  cu rren t age.
The estimates of th e  add itio n a l risk , b, ca lcu la ted  from  b o th  onset-age an d  current-age groups 
lie shown in Fig. 1 2 , w ith  th e  p o p u la tio n  m o rta lity , estim ating  a, for com parison. The p o p u la­
tion mortality rates are those  for all S co tland  in  1967, given in  Table 60 of th e  R ep o rt of th e  
Registrar General for Scotland, 1967. T he estim ates from  th e  onset-age groups are p lo tted  
¡against the mean curren t ages o f th e  groups in  o rd er to  m ake all risks com parable on th e  sam e 
age criterion. The add itional risk  to  d iabetics (b), as a lready  s ta ted , increases w ith  increasing 
jage. It is about 1- 2 % a t  age 20 an d  rises to  ab o u t 10%  a t  age 80. The popu la tion  m o rta lity , 
¡estimating the risk (a) from  all o th e r causes, s ta r ts  a t  a  m uch lower level, b u t  rises a t  a m uch 
fieient Aterrate, so th a t a t age 2 0  th e  ad d itio n a l risk  to  d iabetics is ab o u t tw en ty  tim es th e  popu la tion  
ular yes mortality, but a t age 80 th e  tw o are  ab o u t equal. The re la tive  m o rta lity  of diabetics, expressed 
= [•gitristhe total m ortality o f d iabetics re la tiv e  to  th e  popu la tion  m o rta lity  (a + b — ab)/a, is abou t 2 0  
low Mi*1 age 20 and about 2 a t  age 80. T hus, re la tive  to  th e  popu la tion  m orta lity , th e  m o rta lity  o f 
k reint Aeg diabetics is higher th a n  th a t  o f old diabetics, an d  th is  correlates w ith  th e  re la tion  betw een 
is equiv!Verity and age.
rival,I Ase estimates are up p er lim its  o f th e  m o rta lity  ra te s ; how do th ey  com pare w ith  d irec t 
of relative m o rta lity ?  F o r  com parison we have calcu lated  th e  add itional risk  to  
lied, etfp®tics (b) from two o ther sources of d a ta . P o st (1962) gives th e  proportions of diabetics and  
"■ A population in  qu inquenn ia l g roups who survive in to  th e  n ex t quinquennium . In  our 
Linffllrations these statistics are  [(1 - a )  (1  - b ) f  an d  (1 - a )5 respectively, from  w hich we have 
1 -d. A-dated the annual add itio n a l m o rta lity , b. The average m o rta lity  in  1 0 -year groups was 
ated" ‘An as the geometric m ean  of th e  co n stitu en t 5-year groups. H ayw ard  & L ucerna (1965) 
y catiA'ethe observed num ber of d ea th s  of d iabetics, th e  num ber of years exposed to  risk , an d  th e  
causes ""A of deaths expected i f  th e  m o rta lity  were th e  sam e as th e  popu la tion  m orta lity . The
lie 23-2
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d a ta  are given in  th ree  groups rep resen ting  d iabetics diagnosed in  th ree  quinquennia bet® 
1945 and  1959. W e have added  th e  d a ta  in  th e  th ree  groups to  o b ta in  a  single estimate oft 
additional m orta lity , b. The values o b ta ined  from  these tw o o th e r sources are given in Mi 












Fig. 12. A nnual m o rta lity  ra tes, (a) P opu la tion  m o rta lity ; (6) es tim a ted  add itional mortality risk 
to  diabetics. The estim ates of (&) are upper lim its based  on th e  assum ption  of constant detection 
ra te s; full circles from  onset-age groups (p lo tted  against m ean  cu rren t age), open circles fan» 
current-age groups. The scale on th e  rig h t shows th e  annua l increase o f th e  detection rate on the 
alternative assum ption of no add itional m o rta lity  of diabetics.
Table 7. Additional annual mortality risk  (b) to diabetics, 'percentage. Estimates of 
upper lim its from  present data compared with estimates fro m  two other sources





(19 6 2 )
( 19 6 5 )
( — A r  \
group Males Fem ales Males M ales Fem ales
10 - 19 0'5 2-4 0'4 1
20-29 2-6 I'O i - i 0-2 o -6
30-39 i'5 4'9 0-9 J
40-49 3 'i 3'5 2 ’2 o -6 0-3
SO-59 5'3 4'4 4'3 0-7 1-3
60-69 8 'S 6-3 8-0 I-I 2-0
70-79 9-0 5'3 — 2-6 3'5
80-89 14 -1 9'9 — 4 '4  0-4
P o st’s d a ta , b u t  are considerably h igher th a n  those derived  from  H ay w ard  and  L u c e r n a s 1- 
These com parisons are th u s  inconclusive. The agreem ent w ith  P o s t’s d a ta  shows that our® 
are n o t im possibly high, an d  th a t  th e  frequency  red u c tio n  could be due entirely  to mow 
The discrepancy betw een ours an d  H ay w ard  an d  L ucerna’s d a ta  on th e  o ther hand, su$ 
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Detection rate
« o f f
Tjjj We now assume th a t  th e re  is no d ifferen tia l m o rta lity  of d iabetics, an d  th a t  th e  frequency 
ivedf] reduction is entirely due to  an  increasing detec tion  ra te . In  th e  absence of d ifferential m orta lity , 
the annual incidence in  each  cell o f T ab le  6 estim ates th e  m o rb id ity  risk  a t  th e  corresponding 
date of diagnosis, and th e  slopes o f th e  lines in  F ig . 9 m easure th e  changes in  th e  detec tion  ra te s  
of diabetics in the different age groups. T he calculations described in  th e  previous section lead  
at once to the estim ates o f th e  ra te  o f increase o f th e  d etec tion  ra te . F o r th is  purpose th e  grouping 
lav onset age is appropria te  since i t  gives th e  m o rb id ity  risks a t  th e  ages of onset. The constan t, 
I which was estim ated from  th e  regression coefficients, is now  th e  p rop o rtio n a te  change o f th e  
morbidity risk betw een one y ea r to  th e  preceding  year. Thus, i f  m y is th e  m orb id ity  risk  in  
year (date) y, then  th e  m o rb id ity  risk  in  th e  preceding year is m y_x =  km y. T he p roportiona te  
annual increase of th e  de tec tion  ra te  betw een  one yea r an d  th e  following  y ear is th e n  expressed by
{my - m y_ i)/TOj/—i =  (1 /i) —1.
The graphs of the onset-age groups in  Fig. 12 show  th e  p roportiona te  increase of th e  detection  
rate in each age group, w hen  re a d  aga in st th e  scale on th e  rig h t. The estim ated  increase of the  
detection rate is 1-2 %  p er an n u m  in  th e  0 -9  onset-age group, an d  i t  rises to  ab o u t 10 % per 
annum in the 60-69 group.
Independent and d irec t evidence on changes o f th e  detection  ra te  can be ob ta ined  from  
records of the num bers o f p a tie n ts  reg istered  in  successive years. F o r th is  purpose th e  num bers 
registered at the R oyal In firm ary  D iabetic  D ep a rtm en t from  1948 to  1968 were obtained . The 
records of this clinic p rov ided  over 70 %  of th e  d iabetics in  th e  d a ta  (see Table 1) so th e  num bers 
teeth I registered should give a good ind ica tio n  of an y  changes of incidence. The popu la tion  num bers 
from ifere virtually constan t over th e  period. T ak ing  all ages toge ther th ere  was no change in  the  
numbers of females reg istered , w hich  v a ried  a round  a m ean  of 250 p er year. The num bers of 
males, however, increased fa irly  regu larly  from  ab o u t 125 to  ab o u t 230 p er year, w hich m akes 
an annual increase of 3 % . T his is n o t n early  enough to  account, for th e  frequency reduction  
W' which, if due to  increase in  de tec tion  ra te , im plies an  annual increase of ab o u t 8 or 10% .
Hayward & L ucerna (1965) give th e  age-specific incidences of new cases, reg istered  a t  a 
hospital drawing cases from  th e  W est M idlands, in  th ree  quinquennia, 1945-49, 1950-54, 
1955-59. From th e ir figures we have calcu lated  roughly  th e  annual ra te  of increase betw een th e  
second and th ird  qu inquennia , w hich corresponds m ost closely w ith  th e  period of our d a ta . 
There was no increase in  th e  incidence o f m ales u n d er th e  age o f 30. In  m ales over 30 th e  annual 
rate of increase was ab o u t 7 % . Fem ales show ed no increase o f incidence, except those over 70, 
in whom the increase was a t  ab o u t th e  sam e ra te  as in  th e  males. These d a ta  show m uch th e  
ssnie picture as ours b u t  th e  ra te  of increase was abou t tw ice as great.
C O N CLU SIO N S A N D  D ISC U SSIO N  
The overall prevalence of th e  ascerta ined  cases of diabetes m ellitus in  E d in b u rg h  is 0-63%  
111 a , "Wdiis close to th e  values found  in  o ther stud ies; th e  m ean  prevalence found in  e igh t com- 
0,11' parable studies sum m arized by  M alins (1968) is 0-68 % . I f  th e  observed prevalence in  th e  p resen t 
in0rt study is increased b y  5-10 %  to  allow for th e  estim ated  num ber of cases m issed in  th e  recording, 
i  S1T' the figure becomes betw een  0-66 an d  0-69 % . W hen  th e  sexes are considered separa te ly  we find 
'heoverall prevalence n o t very  d ifferent — 0-57 %  in  males an d  0-67%  in females. This is in  con­
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tra s t  w ith  earlier stud ies w here a large excess o f w om en d iabetics w as found, and it show 
a continuation  of th e  tre n d  tow ard  eq u a lity  th a t  has a lready  been  n o ted  (Malins, 1968). Mali® ('ial)e 
in  discussing the  possible reasons for th e  changing sex ra tio  am ong d iabetics, says that 4 l,oteil 
possibility th a t  i t  is due to  a  decrease am ong fem ales ra th e r  th a n  an  increase among mak' ® tl 
cannot be ru led  out. Our results, how ever, p o in t m ore tow ards an  increase in  males because tt- 
num ber of new cases recorded annua lly  increased in  m ales b u t  n o t in  females, and the sane 
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a suggestion of b im odality , w ith  a  sm all hu m p  a t  th e  age of ab o u t 20 an d  th e  main peat 
about 55-60. The d is tribu tion  of onset age, how ever, is n o t v e ry  in fo rm ative  because it depends 
on three factors, th e  age-specific m o rb id ity  risk , th e  age-d is trib u tio n  o f th e  population, arid the ^  
m orta lity  of diabetics. In  p articu la r, th e  fa c t th a t  v e ry  few d iabetics have  onset after the age 
of abou t 80 does no t m ean  th a t  th e  risk  of becom ing d iabetic  a fte r  th a t  age is very  low; it results 
sim ply from  th e  sm all num ber of people o f th a t  age in  th e  popu la tion .
The age-specific m orb id ity  risk  (Fig. 10) is a m ore in te restin g  an d  inform ative statistic. It 
con trast to  th e  d istribu tion  of onset age, th e  m orb id ity  risk  does n o t fa ll off in  th e  oldest group: 
i t  increases w ith  age up  to  ab o u t 70, a fte r w hich i t  m ay  fla tten  off, b u t  does no t decline. Tims 
the  risk  of becom ing d iabetic  is h ighest am ong th e  o ldest people.
The d istribu tion  of onset age has been ta k e n  to  ind ica te  th a t  v irtu a lly  all ‘potential diabetics’ 
have become m anifesting d iabetics b y  th e  age o f ab o u t 80. On th is  basis P o s t (1962) has con­
cluded th a t  th e  num ber of m anifesting diabetics found  am ong th e  ch ild ren  of conjugal diabetic 
fits th e  single gene model for th e  inheritance  o f d iabetes. This, we believe, is an erroneous 
conclusion, because th e  m orb id ity  risk  shows th a t  old people still h av e  a  h igh  risk  of becoming 
diabetic. P o s t’s single gene m odel w ould therefore  requ ire  a  la rger num ber o f diabetics thanis 
calculated on th e  assum ption  th a t  all ‘p o te n tia l’ d iabetics have becom e diabetic by theag 
of abou t 80.
The possible d istinction  betw een  early- an d  la te-onset d iabetes is an o th e r question to whici 
the m orbid ity  risk  ra th e r  th a n  th e  d is trib u tio n  of onset-age is re lev an t. The distributions#! 
onset-age in  our d a ta  an d  in  some earlier stud ies (e.g. Sim pson, 1964; M alins, 1968) have shorn 
a small hum p a t  abou t 20, suggestive of b im odality . The m orb id ity  risk  shows no clear modeatj  ̂
the  age of 20 an d  i t  therefore provides no clear evidence for sep ara tin g  early- and late-ons: 
diabetes as d istinc t entities. There is, how ever, a  d iscon tin u ity  in  th e  curve, which increase 
more slowly betw een 20 and  35 th a n  i t  does before or after. The shape o f th e  curve, with tin 
discontinuity , is com patible w ith  early- an d  la te-onset d iabetes being d is tin c t entities, pro## 
th e  ages of onset of th e  tw o overlap betw een  ab o u t 20 an d  40. N early  all cases w ith  onset befe 
20 would th en  be of th e  juvenile type , and  n early  all cases a fte r ab o u t 40 o f the adult type- 
while cases w ith  onset a t  ab o u t 30 w ould be ab o u t h a lf  of each ty p e . T his in terpretation fits4  ̂
clinical p ic tu re  well, b u t th e  evidence for i t  from  th e  m o rb id ity  risks is n o t strong.
I f  the  annual m orb id ity  risk  is cum ulated  y ear b y  year, th e  su m m ation  u p  to  any par 
age gives the  p o ten tia l prevalence of th a t  age (Fig. 11). The p o ten tia l prevalence increases# j. 
age faster th a n  the  ac tua l prevalence, u n til  a t  th e  age of 80 i t  is a b o u t e ig h t tim es as great. 1 
difference betw een th e  po ten tia l an d  ac tu a l prevalence can be due to  one or b o th  of two cause# 
m ortality  of diabetics an d  increasing m orb id ity  risks. The cum ulation  of th e  annual morbid#, 















\ diabetics. So a higher m o rta lity  o f  d iabetics will re su lt in  an  ac tu a l prevalence below the  
potential- The m orbid ity  risks from  w hich th e  p o ten tia l prevalence is calculated  are those a t  
lat time of the study, w hereas th e  ac tu a l prevalence reflects th e  m orb id ity  risks in  th e  p ast. 
1 ' Ttas if the m orbidity risks are  h igher now  th a n  th e y  were in  th e  p ast, th e  ac tua l prevalence
llSĈ  ,.-¡11 be lover than  the  p o ten tia l prevalence. T he p o ten tia l prevalence is therefore  in teresting  in
16 Sri illf.
' showing what the prevalence of d iabetes m ay  becom e in  th e  fu tu re , if  m o rta lity  can be reduced  
to the level of non-diabetics an d  i f  th e  m o rb id ity  risk  rem ains a t  its  p resen t level. I n  these
ll0f £ K ;
I circumstances we can expect th e  n u m b er of d iabetics to  rise tow ard  double th e  p resen t num ber
* in people over the  age o f a b o u t 40. I t  is, how ever, p ro b ab ly  n o t realistic  to  expect th e  ac tu a l
prevalence to increase to  th e  level o f th e  p o ten tia l prevalence in  th e  older age groups -  an  eight-
, | fold increase in people over 80 — for th e  following reason. A m ong th e  older d iabetics th e re  are
tlie
,c’ inanvwho are referred to  th e  clinic from  hosp ita l w ards w hich th e v  have en te red  for some o ther 
t results -
illness. These people have therefo re  been  recognized as d iabetic  as a consequence of having some
| other illness and th e ir  m o rta lity  is n o t likely to  be m uch reduced by  im proved  tre a tm e n t of
diabetes.groups;
rp̂ . The difference betw een th e  p o te n tia l an d  th e  ac tu a l prevalence appears in  ano ther form  w hich 
ire have referred to  as th e  ‘frequency  re d u c tio n ’. T he frequency  of diabetics in  th e  cu rren t 
iabeti t Wl,Iation becomes progressively  reduced  w ith  increasing d u ra tio n  of the  disease and  con-
, ' sequently with earlier d a te  of diagnosis. I n  o th e r w ords th ere  are fewer d iabetics who werehas con- , &
liabetk âo110Seĉ P as  ̂ th a n  w ould be expected  from  th e  cu rren t m orb id ity  risks. F ro m  th e  ra te
at which the frequency becom es reduced  we can estim ate  th e  ra te  of m o rta lity  or th e  ra te  of tomu! 1 J J
I increase of the m orbid ity  risk , b u t  we can n o t d istinguish  betw een  these  as causes of th e  frequency 
' thanii ^ u°hon an(d ° f the  difference betw een  th e  p o ten tia l an d  th e  ac tua l prevalence. A ssum ing th a t  
^  mortality is the cause, we find th e  add itio n a l m o rta lity  risk  to  diabetics is abou t 1 or 2 % per 
annum at the age of ab o u t 20 an d  rises to  ab o u t 10 %  a t  th e  age of 80. The com parable popula- 
jjjjl tionmortality is abou t 0-065 %  a t  age 20 an d  ab o u t 10 %  a t  age 80. T hus a t  age 20 th e  estim ated  
itioirsof ® tality diabetics is 20 tim es th e  pop u la tio n  m o rta lity , and  a t age 80 i t  is tw ice th e  popula- 
-e showi t'°1 moi’hahty. Com parison o f these estim ates w ith  d irec t estim ates of m o rta lity  based  on tw o 
mode it studies of d iabetics shows th a t  om- estim ates are very  close to  those of th e  earlier
ite-onsel ^°st, 1962; d a ta  from  th e  Jo slin  Clinic records), b u t are higher th a n  those of th e  la te r
ncreasp (Wayward & L ucerna, 1965; d a ta  from  th e  B irm ingham  G eneral H osp ita l betw een 1945
•ththis| ^  1959)- dt seems likely, therefore , th a t  m o rta lity  is n o t th e  sole cause of th e  frequency 
orovidei rê cd°n and of th e  difference betw een  th e  p o ten tia l and  th e  ac tual prevalence, 
et before ^'ncreasing m orb id ity  risk  is th e  cause of th e  frequency  reduction , ra th e r  th a n  m o rta lity , the  
ulttyi Fate of increase in b o th  sexes w ould have to  be abo u t 1 or 2 %  per annum  in  th e  youngest age 
n fitstk ?r01tI)S’ risinS to 8 or 10 %  Per an n u m  in  th e  o ldest groups. So h igh  a ra te  of increase seems 
““likely because the  n u m b er o f reg is tra tio n s o f new  p a tien ts  over a period of 20 years showed 
articuh 1!lmcrease of only 3 %  p er an n u m  in  th e  num ber o f m ales and  no increase a t  all in  fem ales. I t  
ises witi. !ienis probable therefore, th a t  increasing m orb id ity  risk  has con tribu ted  only a  little  to  the  
•eat.® eclll®°y reduction an d  th a t  th e  estim ates o f m orta lity  derived from  th e  frequency reduction  
causti 8te conseTuently n o t v e ry  m uch  too  high. The only w ay to  d istinguish  critically  betw een 
lorhidit? morta,%  and increasing m o rb id ity  risk  w ould be to  m ake an  identical s tu d y  after th e  lapse of
fc of not 0ine 7ears- This w ould prov ide estim ates of th e  age-specific m orb id ity  risks a t  tw o different
dates.
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Any increase of the m orbidity risk th a t has taken  place in  the  past or m ay take place inti s
fu tu re  could be e ither an  increase o f th e  tru e  incidence of th e  disease or an  increase in the pn j y
portion  of diabetics who are  know n to  be d iabetic  th ro u g h  diagnosis. I t  is well known fr® |jetfl
population  surveys th a t  ab o u t as m any  new, prev iously  und e tec ted , cases are found as % ,)lOT
are know n diagnosed cases. I f  th e  tru e  p revalence rem ains co n stan t -  i.e. th e  to ta l of tindetectki
and  know n c a s e s - th e n  an  increase o f th e  d etec tion  ra te  w ould  lead  to  a  reduction of tl "r£
num ber of new cases found  in  such a survey. W ould  such a  red u c tio n  be detectable oven ofce
reasonable period of tim e? W ith  th e  p ro p o rtio n  o f u n d e tec ted  cases being abou t 0-5, an increas!,r]l0S(
of 3 %  in  th e  observed m orb id ity  risk  w ould re su lt from  a  3 % red u c tio n  in  the  proportion o i,om
undetected  cases. I f  th e  p ropo rtion  of u n d e tec ted  cases decreased continuously by 3°/0p
annum  th e  proportion  of un d e tec ted  cases w ould  be halv ed  a fte r  23 y ea rs ; or after 10years;'
would be reduced from  50 to  37 % . T hus a  poeriod o f 10-20 years betw een  surveys might wells j™
sufficient to  de tec t th e  change. M alins (1968) lis ted  th e  resu lts  o f e igh t such surveys with pi#. 91,
cation dates betw een 1947 an d  1964; th e  la te r  surveys, how ever, do n o t te n d  to  have alow
' Post,
proportion  of new  cases. I f  th e  detec tion  ra te  differs betw een  localities an d  times, but the tit Dia
prevalence is th e  sam e, th ere  w ould be a  n egative  correla tion  betw een  th e  frequency of know ¡¡5
GH)
cases and  th e  frequency of new  cases in  such surveys. Conversely, i f  th e  detection rates aretb ¡DIiS 
same b u t th e  tru e  prevalence differs, th e re  w ould  be a  positive correlation . The correlationil 
the  surveys listed  b y  M alins is —0-36, b u t  i t  is n o t significantly  d ifferent from  zero. T kf 
inconclusive, th is  line of evidence is suggestive o f a co n stan t tru e  prevalence and a variaHl 
detection ra te . The p resen t s tudy , because i t  deals only w ith  know n diagnosed cases, cam el 
th row  any  ligh t on th is  problem , w hich will only be solved b y  fu r th e r  surveys in which It; 
unknow n cases are detected .
S U M M A R Y
1. Records of cu rren t age an d  onset age of know n d iabetics re s id en t in  Edinburgh and afc| 
a t  1 Ja n u a ry  1968 were obtained . A scerta inm en t w as es tim a ted  to  be betw een 90 and 911 
complete.
2. The overall prevalence w as 0-57 %  in  m ales an d  0-67 %  in  fem ales.
3. The age-specific m orb id ity  risks were estim a ted  b y  a new  m eth o d  w hich uses the inforni: 
tion  from  all living diabetics b y  re la ting  th e  frequency  to  th e  d u ra tio n  of th e  disease.
4. The m orb id ity  risk  increases continuously  w ith  age an d  reaches 2 %  p er annum at the;, 
of 70, a fter w hich i t  levels off b u t  does n o t decline.
5. C um ulation of th e  annual m orb id ity  risks leads to  estim ates of th e  ‘po ten tia l prevalent? 
a t successive ages. This is th e  prevalence expected  if  th e  m o rta lity  of d iabetics was the same 
th a t  of th e  non-diabetics an d  i f  th e  m orb id ity  risks w ere th e  sam e as th ey  are now 1 
po ten tia l prevalence increases w ith  age faste r th a n  th e  ac tu a l p rev a len ce ; a t  40 it is A 
twice as g rea t an d  a t  80 ab o u t e igh t tim es.
6. The difference betw een th e  ac tu a l an d  th e  p o ten tia l p revalence m ay  be dire to lib 
m orta lity  of diabetics or to  th e  m orb id ity  risk  increasing w ith  tim e, or to  bo th . By analy® 
the frequency of diabetics in  re la tio n  to  th e  d u ra tio n  of th e  disease an d  th e  date of diagi|: 
estim ates were m ade of th e  ra te  of m o rta lity  or of th e  ra te  o f increase o f th e  morbidity r
7. A ssum ing constan t m orb id ity  risk, th e  add itiona l ann u a l m o rta lity  risk  to diabefc
1-2 % a t  age 10, rising to  20 %  a t  age 80. R ela tive  to  th e  popu la tion , th e  m ortality  is 20tit 
a t  age 20 and  2 tim es a t  age 80.
A  statistical and genetica,I study of diabetes. I 3 69
«inti: s Assuming no add itional m o rta lity , th e  m orb id ity  risk  w ould have to  have increased by
llieptf 1 2°/ per annum a t age 10 an d  8 -1 0 %  p er annum  a t  age 60 to  account for th e  difference 
™ froi b e t w e e n  the actual an d  th e  p o ten tia l prevalence. T he n um ber o f reg istra tions a t  th e  Clinic 
a s  this- s h o w e d  an increase of only 3 %  p er an n u m  in m ales an d  no increase in  females.
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Recurrence Risks for Multifactorial Inheritance
Ch a r le s  Sm it h ’
The heritability of liability model [1] has provided a useful tool for summarizing | 
data on relatives for many familial diseases. Edwards [2], using tetrachoric func­
tions, and Smith [3], using numerical integration of the normal curve, have 
developed the model further, deriving unbiased risks to relatives and concordance 
rates in monozygotic twins. The risks derived are the mean risks for relatives of 
affected individuals. These risks, however, may be modified if further information 
on other family members (both affected and unaffected) is available. Moreover, 
since the information on different relatives is not independent, its combination is 
not straightforward.
In this paper a method is described to derive the recurrence risk of a condition 
with multifactorial inheritance in any family presented. The contributions of j 
information about affected first-, second-, and third-degree relatives and about un­
affected relatives are considered. Confidence limits on the risk estimates can also 
be derived. The methods can handle differences in frequency between sexes, vari­
able onset age, and other factors likely to be met in practice.
Some results are presented, but, because of the variety of possibilities for | 
family history and other variables, it is proposed that a computer be used to 
estimate the risk for each family specified. The methods are given in some detail to 
allow the user to develop his own computer program. Another important use for 
these methods is to generate data for multi factorial inheritance on familial fre­
quency and on segregation frequencies for families [4]. Hence they provide a 
method for iterative solution for a maximum-likelihood fit by the multifactorial 
model to data on genetic disease [S], and thus for comparing the fit of multi­
factorial and other modes of inheritance to data on genetic disease [6].
Curnow [7] has recently developed mathematical expressions for the recurrence | 
risks in sibships, assuming multifactorial inheritance. The expressions for the 
recurrence risks involve single integrals with the integrands composed of a normal 
frequency function and the product of certain normal distribution functions. Thus 
far, expressions are available for parents, twins, and sibships with up to four 
children. The recurrence risks obtained by Curnow are essentially the same as the 
results presented in this paper.
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MODELS AND M ETHODS
The threshold. The multifactorial model [1] assumes an underlying continuous liabil­
ity to a disease, the liability being the sum of many genetic and environmental effects, 
nd thus being normally distributed. The disease becomes m anifest if an individual’s 
liability exceeds a critical threshold level. The abrupt threshold model has been criticized 
for being biologically unrealistic [2 ]. However, it can be shown that the threshold model 
is identical to a normally distributed genetic liability with a cumulative normal risk 
function. In figure 1, the standardized phenotypic distribution of liability is shown with
DI S T RI B UT I ON
I Fig. 1.—Diagram  sh o w in g  t h a t  th e  th re s h o ld  m o d e l co rresponds to  a  n o rm a lly  d is tr ib u te d  
genetic liability w ith  a  cu m u la tiv e  n o rm a l r isk  fu n c tio n .
the proportion affected (P) defining the threshold point and the mean of the distribution, 
e i Below it the genetic distribution of liability is shown, with the same mean bu t with a 
t | smaller variance (h2). Two genetic classes A  and B  are shown with their residual (envi- 
j | ronmental) distributions drawn below, the variance being (1 — A2) and with PA and 
hi respectively, the proportions in the genetic classes exceeding the threshold T. Finally, 
’ redrawing the genetic distribution and plotting the risks PA and PB (and similarly for 
1 ether genetic classes), it can be seen that the original threshold model implies a normal 
e [ genetic distribution with a cumulative normal risk function rising to a risk of unity a t 
the bmit. Algebraic proofs of this property of the threshold model have been given 
recently by Mendell and Elston [8] and by Curnow [7].
Recurrence risks. The method to estim ate recurrence risks depends on partitioning the 
genetic distribution of liability into a number of classes, estimating the risk to individuals
S80 S M IT H
in each class (and the risks to their relatives), and numerically integrating over all classr 
[3]. The details of the method are given below and in figure 2 for a sibship family '
DI STRI BUTI ON
F ig . 2.— D ia g ra m  sh o w in g  p a re n ta l  a n d  o ffsp ring  g enetic  classes a n d  th e  corresponding lists
Assume an underlying standardized normal phenotypic distribution of liability to tie 
disease. The corresponding genetic distribution (variance =  A2) can be divided into si | 
ordered series of genetic classes, each with a known frequency. In  figure 2, a genetic | 
class g.t with frequency f i is shown for the father, and similarly for the mother (j). It i 
is assumed that the genetic values of the parents g,, and gj are independent. The meai 
genetic value of the offspring gtj is then (g{ +  gj ) /2,  with a residual genetic variance 
h2/2  about this mean. Since the genetic value g and the residual variance VR are known, | 
the deviation from the threshold T  is ( T  — g ^ /y /V R , and the proportion P of a das! 
exceeding the threshold can be derived giving Pt and P, for the father and mother, anc j 
P.H for an offspring. The recurrence risk for a given sibship can then be found by summinc< 
over all possible combinations of the i and j  parental classes. For example, in a sibship 
with a normal father, an affected mother, and with s children, r of whom are affected, 
the recurrence risk i s :
2  2 & ,P « , /2  2 Q t
where
e «  =  / i / y ( l - P i )  PA  1 - P l i Y - ' P i f .
Expressions of this form are readily evaluated by computer [3 ], given the heritab®:
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lasses * (h1) and the population frequency P. Subdivision of the distributions into 21 genetic
ily cjasses lias provided an accuracy to 0.1% in calculating the risks.
Other relatives. The extension to second- and third-degree relatives is theoretically 
similar. Additional genetic distributions m ust be generated for all original members of 
independent branches of the family. Further, for any interm ediate family member with 
offspring, a genetic distribution (w ith the appropriate variance) must be generated, since 
' his disease status gives information about his own genotype and hence about the mean
! genotype of his offspring.
° Confidence intervals for risks. A recurrence risk estimated by the above methods 
] will be the mean for the family type generated, and will have a variance about this mean.
Since the information on a family is usually limited, the confidence intervals on the 
risk estimated may be quite large. The confidence intervals can be estimated simulta- 
( neously with the recurrence risk by accumulating the square terms
S  2  O- P • 2—1 —1 Vi-i r w i 
» j
and finding the variance and hence the confidence limits in the usual fashion.
Approximate recurrence risks. I f  separate genetic distributions must be generated 
for several members of the family, then the amount of computing involved may be 
increased many-fold and m ay become prohibitive. In  such cases only an approximate 
| solution is possible. Three possible simplifications have been considered: (1) to omit 
I unaffected relatives, (2) to omit second- and third-degree relatives, or (3) to generate 
distributions only for the two parents of the sibship at risk and to treat others in the 
family through their genetic relationship with the father or the mother. The third alterna­
tive restricts the amount of computing required and makes the other two simplifications 
unnecessary.
Details for alternative (3) are given in the Appendix so tha t the user may write his 
| own computer program to estim ate recurrence risks in complex families. Alternatively, 
1 a program (riskmf) is available on request from this department. The same procedure 
can be further developed to cover diseases having different frequencies in the sexes, a 
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For any given sibship, the exact recurrence risks are derived quickly by the 
methods described. Results are shown in table 1 for a  variety of sibships with 
It I zero, one, or two affected parents, and for various levels of heritability and popula- 
: men tion frequency. These can be used directly in genetic counseling. If the heritability 
is unknown, the recurrence risks for a heritability of 100% can be used as the 
maximum risk with multifactorial inheritance for the population frequency spec­
ified. In much of the table, the risks are not high; only when several individuals 
are affected, heritability is high, or the disease is fairly common, do the recurrence 
sibship risks become large.
ffectei The pattern of risks in table 1 is illustrated in figure 3 for 10 sibships (herita­
bility — 80%). As before, the risks are linear functions of the population fre­
quency, if both are measured on a  logarithmic scale. This allows simple inter­
polation from graphs (or tables) to different population frequencies. The risks at 
lower levels of heritability show a pattern similar to figure 3, but with lower risks 
throughout. I t is also clear from figure 3 that omitting unaffected relatives will 
r«ult in too high a risk figure, especially if the population frequency is high.
T A B L E  1
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0 1 2 0 1 2 0 I 2
10.0 ............ 100* 0 OSS* 165 244 283 409 493 731 751 76)
1 049 149 230 234 351 433 678 695 71!
2 043 136 210 198 306 387 641 657 6»
80 0 064 165 252 235 347 432 557 607 61)
1 OS 7 148 228 200 302 382 493 543 585
2 052 134 208 175 267 342 444 493 535
s o 0 080 1S1 220 178 257 326 335 401 457
1 074 139 203 160 233 297 301 363 41!
2 068 129 188 147 213 273 275 332 383
20 0 093 123 154 129 161 193 174 207 2«
1 089 119 148 124 155 186 167 199 230
2 087 115 143 120 149 179 160 191 221
1.0 100* 0 007 073 144 112 240 338 633 649 6«
1 007 067 135 096 209 301 606 617 630
2 006 062 127 084 185 271 588 597 S I
SO 0 OOS 065 142 083 185 278 409 466 516
1 008 060 130 074 164 248 370 423 470
2 008 055 120 067 148 224 338 389 434
50 0 009 039 084 043 093 151 146 206 263
1 009 037 079 040 087 141 135 191 243
2 009 035 075 038 082 132 127 178 22!
0.1 ............ 100* 0 001 03 S 108 049 156 257 620 629 640
1 001 035 100 044 137 230 604 612 620
2 001 033 093 040 123 207 592 599 60!
SO 0 001 025 082 029 098 179 317 374 424
1 001 024 076 027 089 163 290 345 3)2
2 001 022 071 025 082 149 268 320 366
SO 0 001 010 032 010 034 069 066 109 153
1 001 010 031 010 032 066 063 104 14!
2 001 009 030 010 031 063 060 099 13!
* E v a lu a te d  for  h -  =  9 9 % .
The recurrence risk increases substantially as additional affected individual 
appear in the sibship. However, it  does not seem possible to generalize this change 
of risk from the empirical results, since it depends on the composition of tie 
sibship, the heritability, and the population frequency. One interesting result 
is that, with two parents affected, the risk is much higher than for two affected site 
(or one parent and one sib). This is because the parents are genetically indepen­
dent and contribute independent information for assessing risks to their children 
The confidence limits on the recurrence risks depend almost entirely on fit 
level of risk. Thus, if the same risk is maintained but many relatives are con­


























POPU LA TIO N  FREQUENCY ( * / . )
Fig. 3 —  Recurrence risks in  a  v a r ie ty  o f s ibsh ips (b ro k e n  lines inc lude  n o rm a l re la tiv e s ) . 
Sibships: 1 =  2 p a ren ts , 1 sib  a f fe c te d ; 2 =  2 p a re n ts  a f fe c te d ; 3 =  2 p a re n ts , 1 sib affected , 3 
sibsnormal; 4 =  2 sibs affected  o r 1 p a re n t,  1 sib  a ffe c ted ; 5 = 1  p a re n t, 1 sib  affected , 1 p a re n t 
normal; 6 =  1 p a ren t, 1 sib  a ffected , 1 p a re n t,  3 sibs n o rm a l;  7 = 1  sib  affected  o r 1 p a re n t 
affected; « = 1  sib affected , p a re n ts ,  3 sibs n o rm a l;  9 =  p a re n ts  n o rm a l;  a n d  1 0 =  p a re n ts , 2 
sits normal.
sidered, the confidence limits are only slightly reduced. The upper 95% confidence 
limits are about four times the risk if the risk is low (under 1 % ), falling to about 
twice the risk if the risk is high (over 20%) .  The lower confidence limits are 
usually near zero unless the risk is very high.
Inclusion of second- and thircl-degree relatives does affect the recurrence risks in 
the family. The exact risks were calculated when only a few distributions had to 
be generated; otherwise the approximate method was used because the amount of 
computing becomes prohibitive. Where comparisons between the methods were 
possible, the approximations were good (to within l% -2 %  of the exact risk), 
borne results for second- and third-degree relatives are shown in figure 4, using the 
approximate method for estimating the risks. Each affected relative adds further 
to the recurrence risk. As a rough guide, two affected second-degree relatives or 
several third-degree relatives may be taken as equivalent to one affected first-degree 
relative. As before, omission of unaffected second- and third-degree relatives gives 
risks which are somewhat too high, but even when these unaffected relatives are 
numerous, the effect is not very large.
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F ig . 4.— R ecu rren ce  risks fo r  fam ilies  w ith  in fo rm a tio n  on  seco n d  a n d  th ird  degree relatives, 
F a m ily : 1 =  1 sib , 1 p a te rn a l  unc le , 1 m a te rn a l u n c le  a ffe c te d ; 2 =  2 sibs affected or 1 sib,' 
p a te rn a l uncles a ffec ted ; 3 — 1 sib , 1 u ncle , 1 cousin  a ffe c ted ; 4 = 1  s ib , 1 uncle affected;.':
1 s ib , 1 cousin  a ffec ted ; <5 =  1 sib  a ffec ted ; 7 = 1  sib  a ffec ted , 5 unc les, 10 cousins normal: 
8 =  1 sib affected , 2 sibs n o rm a l;  9 = 1  u ncle , 1 cousin  a ffe c te d ; 1 0 =  1 uncle affected; 11-
2 cousins a ffec ted ; a n d  12 =  1 cousin  affected .
D ISC U SSIO N
The methods described allow us to calculate exact recurrence risks in sibsliif: 
and in small families, and to estimate approximate risks in large or compls 
families. The results presented in table 1 and in figures 3 and 4 cover some sintplt 
cases and may be a useful guide in genetic counseling. However, in practice, the | 
wide range of possibilities in family history, population frequency, sex frequency, 
heritability, onset age, and severity would require a very extensive set of table 
As an alternative, it is proposed that the computer be used to calculate the risk fo: j 
the specific family and disease involved. The methods are described in detail an; 
the user can write his own program (or obtain the version r i s i c m f  available fro i 
this department) for estimating risks. W ith on-line computing facilities becoi® 
generally available, this approach becomes feasible and preferable because of itJ 
scope and flexibility.
I t  may be argued that exact recurrence risks are neither needed nor justified it 
practice. For genetic counseling, an approximate level of risk is usually si®®1 
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differences in risk among families with the same family history and the confidence 
limits on the risk estimates will be wide. The suitability of the multifactorial model 
may also be questioned, with its assumption of additive genetic effects, normality, 
and the absence of familial environmental effects. Thus the model, and the recur­
rence risks derived from it, should be regarded as useful in analysis and for pre­
dictions on quasi-continuous genetic disorders, rather than as proof of the true 
irenetic basis or of the exact risks involved. With multifactorial inheritance, the 
risks involved are usually low unless several relatives are affected or the frequency 
of the condition is high (over 2% ). Thus the risk estimates may be most useful 
for the more common diseases with variable age of onset.
Two other methods of estimating recurrence risks should be mentioned. Morton 
[9] has proposed that where the risks are variable between sibships, the distribu­
tion of risks may be well represented by a beta function. The parameters of the 
beta function can be estimated as A =  (1 — PB) / ( l  — P) and B  =  AP, where P 
is the population frequency and PR is the frequency in relatives of affected indi­
viduals. The recurrence risk, given 5 sibs with r affected, is then (B  -(- r) /  (A -f- s). 
To take account of the disease status of the parents, the appropriate values of PIt 
for zero, one, and two affected parents would be required. The recurrence risk 
estimated by this procedure was compared with the risk assuming multifactorial 
inheritance for a range of sibships, heritabilities, and frequencies. In  general, the 
agreement with the multi factorial risk was quite good, as shown by the examples 
given in table 2. However, use of this approximation (in its present form) would
T A B L E  2
Recurrence R is k s  f o r  M u l t i f a c t o r i a l  I n h e r i t a n c e  i n  S ib s h ip s  o f  S ize  4 a n d  R is k  






aomples 4 ................  0
: siniph J   . . . . . . . . . . . . . . . . . . . . . . . .  1
ice, Ih I 4 ...................  3
quency ; 1   4
table 
r i s k  is: 
t a i l  ali 
i l e  froi 
e c o n iir :
;e oi it
tiffed i I 
uffici«
M u lt ifa c to r ia l
R is k f
(%)
B e ta  F u n c tio n  
R is k  E s t im a t e f  
(%)
M u ltifa c to r ia l
R is k i
(,%)
B e ta  F u n c tio n  






















t Population frequency, 1 .0 % ; h e r ita b i l it y ,  5 0 % ;  tw o  p a ren ts  a ffec ted . 
1 Population frequency. 0 .1 % ;  h e r ita b il ity , 80% .; o n e  p a ren t a ffec ted .
be restricted to sibships, and good empirical estimates of recurrence risks in sib- 
sbips with one affected and with zero, one, and two affected parents would be
required.
Another method to estimate recurrence risks is through the genetic selection 
mdes [10], This procedure derives a multiple regression equation (or index) 
be 1« I which maximizes the correlation between the genetic liability of the person at risk
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and the observed disease status of his relatives. This method provides good ap 
proximations of the risk for many situations (Smith and Mayo, unpublished), but in 
some extreme cases (e.g., families with none affected), the divergence is quitelat»f 
and the method is being investigated further. The advantage of the selection infc 
approach is that information on physiological or other measurements correlated 
with liability could be included in estimating risks.
S U M M A R Y
The abrupt threshold model of liability to genetic disease [ 1 ] is shown to cor­
respond to a normal genetic distribution of liability with a cumulative normal 
risk function. A method for estimating recurrence risks for any family history in 
conditions with multifactorial inheritance is described. The method depends on 
partitioning the genetic distribution of liability into a number of classes, estim ate 
the risk (and the risk to relatives) in each class, and numerically integrating ova 
all classes. A table of risks is presented for a variety of possible sibships. The 
effect of inclusion of second- and third-degree relatives is also considered. To 
reduce the amount of computing required in large or complex families, an ap­
proximate method is proposed. This method is described in detail (Appendix! 
so that the user may write his own computer program to estimate recurrence risks 
for any familial situation.
APPENDIX
APPROXIMATION OF RECURRENCE RISKS
The amount of computing to estimate the risks in a family is proportional to the »4 
power of the number of genetic classes, where n is the number of separate distribution 
generated in the family. For large or complex families, the computing time become- 
prohibitive. To reduce this time and to formalize the computation procedure, an approxi­
mate method was adopted. This generates only two genetic distributions, one for fc 
father and one for the mother of the sibship at risk, and treats other members of 4 
family through their genetic relationship with the father or the mother. This procedure 
gives the exact risks for sibships and provides good approximate risks for families, »’if 
second- and third-degree relatives considered. The pedigree is thus of the form shown it 
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paterna:
relatives (2, 7, and 8 for the m aternal side), 3 representing sibs, and 4 the children of 
s ib s  of the individual at risk.
The formulas required for estim ating the proportions of different relatives affected 
aregiven in table At. I t  is assumed that there is no sex difference in frequency, and that
T A B L E  A l
Formulas fo r Estim ating Recurrence Risks fo r P a ren ta l Class (ij)
P r o ­
p o r t i o n  
A f f e c t e d  
CI 'k )
Sa m p l e
F a m il y
D a t a
Class of 
Relative
C l a ss
(A )
D e v ia t i o n *
Wk>
R e s id u a l





A ffe c te d
Ok)
—
Father . . . . . . . . . . . 1 T - g i ( 1  -  *2 ) P i 1 0
Mother . . . . . . . . . 2 T  —  gj ( 1  -  * a ) P j 1 1
Sibs . . . . . . . . . . . . . . 3 T  —  i ( g i  +  gj ) ( 1 - 1 * 2 ) P a 4 1
Sib’s c h ild r e n  . 4 T  —  I ( ,? !  +  g j ) ( 1 - 1 * 2 ) P a 0 0
Paternal 2 d
degree . . . . . . . . 0 T  -  i g , ( 1  -  I * 2 ) P  -, 3 1
Paternal 3 d
degree . . . . . . . . 6 T - i  gi ( 1  -  A * 2 ) Po 6 0
Maternal 2 d
degree . . . . . . . . 7 T - l g i ( 1 - 1 * 2 ) P , 1 0
Maternal 3 d
degree . . . . . . . . 8 T - l g j ( I - * * 2 ) Ps 4 0
* For details, see text.
the condition is manifest a t birth. Given the population frequency P, the threshold point 
7 is calculated from the normal curve. The 7th paternal genetic class has a frequency 
h a n d  a mean which is d — ( T  — g{) phenotypic standard deviation units below the 
t h r e s h o l d ,  and similarly for the m other and for the other classes of relatives (through 
their relationship with the paren ts). The proportion affected (P k) for each class of rela­
t iv e  is then the probability of a norm al deviate greater than dlc/c rk, where crk2 is the 
r e s id u a l  variance in the relative class. The recurrence risk is th en :
2  2 Q iJ/ V 2  2 ( ) (f
i j  i j
w h ere
8
Q u = ufs n  ( i  - p k) ^ - ^ p k%
7c=l
w ith  (¡j, o u t  of nlc affected in relative class k. For example, in the sample family shown 
in t a b l e  Al, for a condition with a heritability of 80% and a population frequency of 
l% ,  t h e  estimated recurrence risk is 20% , with 41% as the upper 95% confidence limit. 
C o m p u t in g  time with 21 genetic classes in  the parental distributions was less than one 
m in u te .  Standard computing routines are available for the necessary operations on the 
n o r m a l  curve.
The same methods can easily be extended to cover more complex situations— 
specifically, where there is a different frequency in the sexes, where the age of onset is 
variable and the frequency increases with age, and where the heritability may depend 
on the sex and age class. Relatives may then have to be treated  separately, or in sab 
groups, to take into consideration their sex and age class. I t  can be shown for genetic 
class i of father F  and genetic class j  of m other M , that the standardized deviation in 
liability for a relative in sex class 5 and age class t from  the threshold T st for the st class 
is:
[ T ,t — (bkFgi -f- bky gj) ] / \ / l  — R 2h st2,
where hst2 is the heritability in the st class, bkF is the regression on father's g e n o ty p e  
of the genotype of the relative class k being considered (and similarly for bm) ,  andl 
is the genetic relationship of the relative class k w ith the mean of the parents of tie 
individual a t risk. The proportion affected for each parental ( i j) and risk class (st) can 
then be estimated and the overall recurrence risks computed in the usual way. Alter­
natively, the liability of the individual a t risk can be evaluated, and the risk at different 
ages (or the lifetime risk) can be estimated.
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With the control of m any infectious diseases and 
improvement in m edical care, there  have been 
dramatic changes in  the p a tte rn  of m ortality  and 
morbidity in society. As a resu lt, genetic diseases 
have been increased in  the ir relative im portance in 
the population. For example, R oberts, Chavez, 
and Court (1970) have found  in  hospital deaths 
among children th a t genetic conditions were 
directly or indirectly involved in  over 40%  of cases. 
Since the liability to genetic disease is inherited  and 
intrinsic to the individual and  to  his fam ily, ra ther 
than acquired or extrinsic as for non-genetic 
diseases, quite different systems of p revention  and 
control are required. T o  some extent, these sys­
tems will require new  departures from  th e  estab­
lished methods of m edical practice.
Until recently the m ain  application o f m edical 
genetics has been in  counselling th e  parents o f 
affected children. T he  possibility o f extending the 
scope for application has been exam ined recently. 
Fraser and Motulsky (1968) estim ated w hat p ropor­
tion of cases of genetic disease m igh t be prevented, 
i and Smith (1970) has exam ined th e  value of different 
routes of prevention and  the possibility  o f a genetic 
| register system. M cK usick  (1969) has also discussed 
a medical record system for fam ily follow -up in the 
[ detection and early treatm en t o f cases o f genetic dis­
ease. In a previous study  (Em ery and Sm ith, 1970), 
it was shown that only a small p roportion  of individ­
uals ‘at risk’ of having affected children  were in fact 
referred specifically for genetic counselling. M any 
j were referred only after th e  b ir th  of an affected 
child which otherwise could have been prevented. 
These results confirmed th e  need for a genetic 
register system in preventing genetic disease.
The object of this paper is to  outline our experi­
ences in recording and storing relevant data on fam i­
lies with genetic disease and  in  assessing risks to 
various members o f the family. D etails o f the 
procedure used and a sum m ary and in terpre tation  of 
the data collected so far are presented .
Received March 8 1971.
M eth od s and  M ateria l
A ssessm ent o f Risks. Roberts (1962) grouped 
genetic diseases into those with a high risk of recurrence 
(greater than 1 in 10) and those with a low risk of rec- 
currence (less than 1 in 20). This convention is now 
generally accepted and is adopted here. Thus, an in­
dividual was defined to be ‘at risk’ if he had a greater than 
10% risk (1) of becoming affected or (2) of having affected 
children or children who will be ‘at risk’. Those un­
likely to have children in the future either due to their 
disease condition or due to their age (over 40 years) are 
excluded from category 2.
The methods of assessing the risks to family members 
are best described from some examples (Fig. 1).
In  family A with an autosomal recessive (AR) con­
dition, the mother was the first contact. She came 
for counselling retrospectively, ie, after the birth of her
F ig . 1. Pedigrees illustrating the methods o f assessing risks (see 
text).
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affected son, the proband. The risk of the next 
child being affected is high (25%) and this risk is allo­
cated to the mother. There are no others at risk in the 
family.
In family B, suppose the autosomal dominant (AD) 
condition is Huntington’s chorea. From a cumulative 
graph by onset age of cases of this disease (Emery, 1969), 
the risks of becoming affected are about 40% for the 
mother and 20% for the son; the risks of having children 
with the abnormal gene are then 20% and 10% re­
spectively, so both are deemed to be also at risk of having 
children who may become affected. Since the mother 
(II. 1) has been known to be at risk since her father’s 
diagnosis some 10 years ago the birth of her ‘at risk’ son 
could have been prevented.
A more complex case (family C) is illustrated for an 
X-linked recessive (XR) condition, eg, Duchenne muscu­
lar dystrophy. With two affected sons, the mother is a 
definite carrier. The risks of her next having an 
affected boy or carrier daughter are each 25%. These 
risks have been summed in the XR conditions so that the 
combined risk in this case is taken as 50%. Similarly 
the daughter (III.2) is taken to be at risk since she has a 
50% chance of being a carrier. Assuming the proband 
was diagnosed early, the birth of his affected brother 
(III.3) might have been prevented. Is the contact’s 
sister (II.4) at risk ? The probability that the grand­
mother (1.2) is a carrier is 33%, so the sister (II.4) has a 
17% chance of being a carrier. Her risk of having an 
affected son or a carrier daughter is thus 18%. Further 
information on her carrier status could be obtained by a 
serum creatine kinase test (eg, Fig. 2) leading to a more 
precise estimate of her risk (see Emery, 1969).
M ateria l. The families studied were from either the 
Edinburgh or the Manchester region during 1965-70. 
Many of the families were referred for genetic counsel­
ling, but some were seen for other reasons: diagnosis, 
teaching purposes, or research work. Some of the 
families were traced from hospital or health department 
records or through members of certain societies (eg, 
Muscular Dystrophy Group). The kinds and frequency 
of the diseases studied thus reflect the work and interests 
of this Department rather than the spectrum of genetic 
disease in the population. No attempt was made to 
ascertain all cases of genetic disease in a region so that 
this is essentially a study of ascertained families rather 
than a population study.
Details about the family were usually obtained from 
the first person to be seen in the family, the first con­
tact. This verbal report about the pedigree and the 
ages and disease status of family members provided 
most of the information on which the following analyses 
are based. To systematize the form of information 
collected, a special record card was designed (Fig. 2) 
and this was used for coding and punching the data on 
punch cards. Details on name, address, general prac­
titioner, etc were recorded. At examination the 
clinician gave a summary of the clinical report and 
findings, filled in other relevant details and circled the 
appropriate responses. Each family was allocated a
separate family number. Separate cards were completed
for any further members of the family who were judged 
to be at risk. A special two-part disease code was de­
veloped but, to conform with common usage, the Into- 
national Disease Classification (with an additional 5th 
digit to allow for discrimination between differen: 
genetic conditions) will be used in future. A second 
disease category was available, to record associations 
of different diseases in one family. The remainder of 
the first side of the card dealt with details on sex, dates of 
birth, details of the visit, and the mode of referral.
On the reverse side of the card (Fig. 2 below), the 
pedigree and further details were recorded as shown,
210 Main S t r e e t ,  
E dinburgh , 4.
Mfg. J .  Dewar
DIAGNOSIS:
n iMuscular
2) Moml I 1 * SuM '
H0SP. NO. " 1 ¡7:307,0 VISIT DATE WHY »HERE seen*.
0. of B. " L5J?2i45 1 ‘ 21 l)j
D.ofB. OF PARENTS 2
FATHER 1920 2p 3
MOTHER 1925 2,5 '*
REFERRAL (ijG.P. ;1C„
Alwayn good h e a l th .  No m isc a r r ia g e s  
No m uscle weakness
A l l s t a i r  McRoberts (b ro th e r )
Died 1969. D iug. Duchenne K.D. 1959 (RH5C. 170856) 
John K err (nephew) 
b. 3 .2 .6 6 .
D iag . Duchenne M.D. 1970 (W.3.H. 20531)
Department of Human Gonetici.
University of Edinburgh.
D r .  H . Campbell, 
27 C a ld e r  Hoad, 
E d in b u rg h , 4,
•(ÙXrounul. 2) Re,. 3) Di»„. 4)
♦ l)ERl(2j)WGH 3) RHSC 4)MRI 5|B.HALL flHOu'
fo52flll
6 ^ .
Mrs. I .  KcRoberta(45) CPK = 9 0 .5  IF.t)l.°w‘up: 
Mrs. J .  Dewar (25) CFK = 4 2 .0  I.U .(P rob=  
Ia n  Dewar (5) C K  = 30 .7  I .U .
SOCIAL CLASS:
CONSANGUINITY r n r w i i c
TAL: 11 NM. 31MNC.(3)mC.--------. ..... K,
NO. OF RELATIVES (1
REL. OF PROBAND TO C. HEPiiVa Is! 
nnne nr inuEDiTAwrr itRI NÇE
LDiÇJI' 2iu 1
RISK (!«)   T in
ADVICE: 1) PROS,(̂ RETROSPECTIVE I;}
NO. OF RELATIVES A
ADVICE: DTAKEN 7)NOT TAKEN
NO. OF CHILDREN
NO. OF AFFECTED CHILDREN =t
•1) R.o.luronet 2) Agoin.l Morrio«tQAgo.n.l Child«-
Fom. Limit 3) Star. 3) Abrr. 4) S.L Abrt. 5) A.I.D. i|«J* '!
F ig . 2. Example o f a completed family record card. The details 
are purely fictitious and are used only for illustration.
These included social class (5 groups); marital status 
(not married, married with no children, married with 
children); consanguinity (none, mild, close); status 
(affected, no risk, high risk, medium risk, low risk!; 
number of first-degree relatives affected; relationship cl 
the proband; mode of inheritance; risk of having an 
affected child (high, medium, low—and as a percentage: 
and whether the record was made before (prospective' 
or after (retrospective) the birth of an affected or ‘at risk 
child to the individual concerned.
If  the person was counselled, the advice given ffli 
noted, together with any method of family limitation 
advised and the person’s attitude to the counselling 
Finally, for the first contact in the family, the number an. 
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Further columns were left for any revision of the risks 
a n d  for details of follow-up.
The information obtained on the families was not al­
ways complete because the cards for relatives at risk were 
prepared from the information given by the first contact 
at interview. Moreover some of the families were 
ascertained before the present recording scheme was 
developed, so past files had to be used and these were 
often incomplete. This may have led to some under­
estimation of the numbers affected and at risk, for only 
recorded information could be used. For analysis on a 
particular topic all data available on that topic were used. 
Almost all families ascertained were included in the 
analysis. These included conditions that were either not 
serious or not genetic or whose nature was not resolved, 
and form the ‘other’ category in Table I. The term 
‘multifactorial inheritance’ in Table I refers to familial 
diseases which are possibly due to many loci plus the
effects of environment and include some of the con­
genital malformations, diabetes mellitus, and schizo­
phrenia (Carter, 1969).
R e su lts
F a m ilie s .  Reasons for ascertainm ent and o ther 
details about the families studied are given in  the 
series o f histogram s in  Fig. 3. Over half o f th e  
families were referred for genetic counselling and 
the rest mainly for diagnosis or research. T h e  
chief source of families referred was the hospital 
consultant who contributed  alm ost two th irds o f th e  
total. M ost o f the rem ainder were referred  directly 
by th e  fam ily’s general practitioner. T he  d istri­
bution  of the families by social class, though  no t 
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Fig. 3. Distributions o f families and o f first contacts (for serious genetic conditions) by various classifications o f the data.
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population (1961 Census) because of age and o ther 
differences, shows an apparent excess o f families in 
social classes 1 and 4 and a corresponding deficit in 
class 3. However all social classes are well rep re­
sented in the families ascertained.
F irst C ontacts. T h e  rem aining histogram s in  
Fig. 3 refer specifically to the first contact in each 
family. M ost of these were either the affected p ro ­
band (usually in families referred  for diagnosis or 
research) or the proband was the child of the first 
contact (usually in families referred for genetic 
counselling). T his indicated th a t few  o ther rela­
tives in  affected families were referred about their 
possible risk (c/, Fig. 6). T he  age d istribu tion  of 
first contacts shows th a t they  were largely in  th e  
reproductive age groups. T h is reflects concern 
about their risks o f having affected children and 
about affected children born. T w o th irds o f the 
contacts at risk of having affected children were seen 
retrospectively, th a t is after the b ir th  o f an affected 
or at risk child. Am ong first contacts who were 
m arried and at risk of having affected children, al­
most 40%  had no children (M N C ) or had  only 
affected children (M AC) so far. G enetic counselling 
was thus very relevant to them  at th is stage in  the ir 
family life.
R isks and M ode o f  In h eritan ce . A tabulation 
by mode of inheritance o f the num bers affected and 
the num bers at risk is given in  T able  I. In  some 
114 of the families recorded, the disease was no t
serious or judged to be no t genetic. No further 
persons in  these families w ere considered to be at 
risk. A m ong th e  families w ith  chromosomal ab- 
norm alities or w ith  m ultifactorial inherited condi­
tions, there  w ere relatively few persons at risk. Bv 
contrast, for diseases inherited  in  a simple Mendelian 
m anner, a h igh p roportion  of th e  families had per- 
sons at risk ; autosom al dom inant (AD) 90%, auto­
som al recessive (AR) 53% , X-linked recessive 
(XR) 84% . T h is  confirm s theoretical calculations 
(Sm ith , 1970) th a t preventive m ethods will be most 
effective for th e  sim ply inherited  genetic diseases.
T h e  num bers affected reflect th e  burden of the 
genetic conditions on these families. There was an 
average of over th ree  persons affected per family for 
the A D  conditions, two persons for the XR con­
ditions, and about 1 -5 persons for the AR and multi­
factorial conditions. M oreover, the  burden to the 
fam ily is a continuing one in  th a t a high proportion 
(over two th irds) o f the affected persons are still 
alive.
T h e  fu tu re  prospects for these families are also 
serious because m any have fu rth e r members at risk 
either o f becom ing affected them selves or of having 
affected children. T h e  d is tribu tion  of the num­
bers a t risk is show n in  Fig. 4. H alf the families 
w ith persons a t risk had  m ore th an  one member at 
risk and  some families had  m any members at risk. 
In  T ab le  I, th e  th ree categories listed under ‘number 
at risk’ are m utually  exclusive so their total indicates 
th e  to tal num ber a t risk in  these families. This 
averages 4-0 persons for A D  conditions, 3-5 persons
TABLE I
M O DE OF IN H E R IT A N C E  O F N U M B E R S A FFE C T E D  A N D  N U M B E R S A T  R IS K  IN  
559 FA M IL IE S A SC ER TA IN ED
Serious Genetic Conditions












Number 124 112 102 78 29 114
Number with someone at riski 111 59 86 18 2 0
Persons
Number affected
All- 361 157 198 113 32 90
Alive 255 119 137 68 24 72
Number at risk
Only of becoming affected 39 5 15 4 0 0
Both ot becoming affected and o f having
affected children** 239 0 15 2 0 0
Only of having affected children**’t+ 158 54 272 16 2 0
B ir th s  since 1960 a t risk  a priori
Number o f children
Affected 23 14 21 3 0 0
At risk ff 77 2 77 3 0 0
N ot at risk 8 15 12 1 0 0
* N ot serious, not resolved, not genetic, f  93 Families with muscular dystrophy. $ Risk 10') 
under age 40. f t  Includes carrier daughters in X-linked disorders. (For other details see text.)
or higher. * P e rso n s
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Fig. 4. Distribution o f families by the number o f persons at risk.
for XR conditions, and about one person for AR and 
multifactorial conditions.
Individuals a t  R isk . People a t risk o f be­
coming affected were largely in  families w ith AD 
conditions with late onset (T ab le  I), w here a paren t 
becomes affected after his children  (and even grand­
children) have been born. W ith  increasing age the 
risks to the children (if still unaffected), and to the 
grandchildren, will gradually fall. T hese  patterns 
are reflected in the d istribu tion  by age o f the num ­
bers at risk of becoming affected (Fig. 5).
predom inate. T h e  d istribution  of the risks also 
changes w ith age (^2 =  35, p <  0-001) w ith th e  p ro ­
portion  in  the h ighest risk category increasing w ith 
age. T h is  was largely because such h igh risks 
occur firstly, in  AD conditions w hen the person is 
diagnosed as affected and onset is often late and 
secondly, in X R  conditions w hen a m other is proven 
to  be a carrier after the b irth  o f an affected son.
T A B L E  I I
N U M B E R S, BY A GE A N D  R ISK , OF  
PERSONS A T  R ISK  OF H A V IN G  
A FFEC TED  C H IL D R E N
Age (yr)
Percentage Risk
10-19% 20-29% over 30
Under 16 29 122 41
16-30 36 94 98
31-40 19 44 60
T h e  distribution by relationship of the proband 
to  those at risk in  the fam ily is given in  Fig. 6. 
T here  is a strong contrast w ith th e  equivalent dis­
tribu tion  for first contacts (Fig. 3). T h is dem on­
strates tha t m any kinds of relatives who are at high 
risk are no t being ascertained or counselled by n o r­
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Fig. 5. Distribution by age of persons at risk of becoming affected.
For individuals at risk of having affected children 
or children at risk, all th ree sim ple m odes of in ­
heritance (AD, AR, and X R ) w ere involved, al­
though the A D -inherited  conditions again 
predominated. T he  d istribu tion  of risks by age is 
given in Table II . T h e  risks fall naturally  into 3 
groups; at about 50% , a t around  25% , and from  10 
to 19%. The latter group represen t only 14%  of 
aH at risk, so it is the h igher risk categories w hich
B ir th s  a t  R isk  a p r io r i.  T h e  results for children 
born  since 1960 to parents who w here at risk a priori 
o f having affected children confirm  th e  risks in ­
volved. O f 256 b irths in  this category, some 61 
(24% ) of the children were affected while a fu rther 
159 (61% ), though  norm al so far, are still at risk of 
becom ing affected them selves or of having affected 
children.
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D iscu ssio n
In  this departm ent a genetic register system is 
being developed and is referred  to  by the acronym  
‘R A P ID ’ (Register for the A scertainm ent and P re ­
vention of Inherited  Disease). H ere we report re­
sults for the initial stage of developm ent o f the register, 
using some 559 ascertained families. T h e  objec­
tives in this stage were (1) to  gain experience in  re­
cording and handling family data and in assessing 
risks to family m em bers and (2) to examine th e  need 
and scope for a preventive system in practice. O ur 
results clearly show the area where preventive 
effort can be best applied and justify th e  im ple­
m entation of a genetic register system in practice.
T he  main scope for preventing genetic disease 
lies, at present, w ith the simply inherited  diseases 
despite the fact tha t o ther diseases are m uch m ore 
frequent in the population. T h is is because the 
proportion of individuals at risk is greater, and the 
risks are higher in  families w ith simply inherited 
conditions than  in  families w ith m ultifactorial or 
chromosomal disorders. T hus it is proposed tha t 
preventive effort should be largely restricted, at 
least initially, to  the simply inherited conditions. 
T hus we have defined a discrete problem  area w hich 
should give worthw hile re tu rns for any resources 
comm itted. However, it  should be em phasized 
that even for the simply inherited disorders, it will 
be possible to prevent only a p roportion  of cases, 
since some will occur in  families w hich have no t 
been ascertained previously (Sm ith, 1970).
In  the 338 families w ith simply inherited  con­
ditions, there were some 716 affected individuals, of 
whom 511 are still alive. T h is emphasizes the past 
and continuing burdens on these families and their 
need for medical care and supervision. M oreover, 
and perhaps m ore disconcerting, is th e  fact th a t the 
burden in these families is likely to  increase in  tha t 
there are some 797 individuals still at risk, e ither of 
becoming affected them selves or o f having children 
who may be affected. T h is shows the need for 
genetic counselling and supervision to be extended 
to all family m em bers at risk (Fig. 6), ra ther than  
only to the first contact in  the family. T h a t is, the 
initiative in  prevention should be undertaken as a 
health service, rather than  left to  the individual who 
may be unaware of his risk. T h is point was stressed 
in a previous study (Em ery and Sm ith, 1970) where 
it was shown tha t only a small proportion  (14% ) of 
those at risk was referred for genetic counselling. 
There is at present no defined procedure or re­
sponsibility for tracing and counselling individuals 
known to be at risk. H erein  lies th e  value of a 
genetic register system.
T h e  developm ent o f the R A PID  system is now 
proceeding in  several areas. O ne is to follow-up 
individuals who have been counselled, to keep ja 
touch w ith the family, and to assess the value of tht 
counselling m ethods in  p reventing genetic disease 
A nother is to  develop procedures for contacting and 
counselling others a t risk in  the family, working al­
ways th rough  the general practitioner of the person 
concerned. T o  extend th e  system  to a population 
basis, m ethods and sources for ascertaining families 
w ith sim ply inherited  genetic disease are being ex­
am ined. T h ro u g h  linkage w ith hospital, GP, health 
departm ent, and o ther records, relevant families will 
be screened for investigation and counselling. The 
data storage and handling  operations are being 
organized around  a com puter, and  m uch of the sys­
tem  software has been  w ritten . T he  procedures 
include data vetting, m onitoring, listing, updating, 
scheduling for follow -up, and o ther items. Several 
hurdles are foreseen. A m ong them  are the geo­
graphical dispersion of fam ily m em bers, security of 
data on  file, th e  privacy o f th e  individual, the atti­
tu d e  of healthy individuals to  possible genetic 
risks, the effectiveness o f counselling, and the 
organizational details requ ired  to make the register 
an effective preventive system.
S u m m a r y
T his  rep o rt concerns data on 559 families with 
genetic disease referred  for genetic c o u n s e l l i n g ,  
diagnosis or research. I t  sum m arizes our work on 
th e  initial stages in  th e  developm ent of a  g en e tic  
register system  (R A PID ) for th e  ascertainment and 
prevention  of genetic disease. T h e  procedures for 
assessing risks to individuals in  ascertained fa m ilie s  
are described, and  m ethods of recording and h a n d l­
ing the relevant fam ily records and  details o n  in d i­
viduals ‘at risk’ are also shown.
D ata  are presen ted  on reasons and routes of re­
ferral and on social class of the families ascertained 
and on the age, m arital status, risk etc of individuals 
referred. In  th e  559 families studied there were 
951 affected individuals (of w hom  70%  were still 
alive) and some 821 individuals who were j u d g e d  to 
be at risk them selves or at risk o f having affe c te d  
children. T h e  analyses confirm  th e  need for a  g e n e ­
tic  register system  in  practice and  show t h a t  the 
sim ply inherited  genetic diseases offer the best scope 
in  prevention.
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Discriminating between different 
modes of inheritance in 
genetic disease
C h a r l e s  S m i t h
University Department of H um an Genetics, Western General Hospital, Edinburgh, U. K.
A genetics program library (Morton 1969a) was used to study the problem of discrimination be­
tween different modes of inheritance in genetic disease. Data were generated on familial frequen­
cies and on the distribution of affected sibships by a two-allele single-locus model and the good­
ness of fit was tested by a multifactorial model to the data and vice versa.
The single-locus model is veiy flexible and can fit multifactorial data well except when the fre­
quency is very low and the heritability is high. The multifactorial model gives a poor fit in sim­
ple Mendelian-like situations, but the fit improves as the parameters of the single-locus model 
become less Mendelian. In general it will be difficult to discriminate between models of inherit­
ance with the types of data and forms of analyses studied. Even segregation analysis does not 
seem critical in discrimination, but rather serves to confirm the results derived from the familial 
frequency data. In practice, with sampling errors, ascertainment biases, mortality, variable onset 
age, heterogeneity, and many other complicating factors, discrimination between different modes 
of inheritance is likely to be very difficult indeed.
The quest for the mode of inheritance in 
genetic diseases has engendered much re­
search effort and much controversy among 
hum an  geneticists. Yet, despite so much in­
terest a n d  research, many genetic diseases 
are s t i l l  unresolved. Why is this so, and can 
we hope t o  solve the problem in the future 
h' developing more critical and powerful 
an a ly tic a l tests or by collecting special sets 
I of d a ta ?
T h is  paper reports the results of an em­
pirical study on the problem of discrimin- 
ating between different models in genetic 
disease, by generating data on one model 
and testing the fit to this data by another 
model a n d  vice versa. The development of 
a sp e c ia l suite of computer programs (Mor- 
,0|a 1969a) enabling us to generate and ana­
lyse data by different models made this 
a p p ro a c h  possible. A theoretical solution 
10 "1's Problem would appear very difficult
in view of its algebraic complexity, but 
James (1971) has obtained some general 
results.
Genetic Models
One reason for the difficulty in discriminat­
ing between different modes of inheritance 
is that on all models the risks to relatives 
tend to increase with the degree of relation­
ship to affected individuals (Edwards 1960). 
Thus the ranking in risks for different de­
grees of relationship is similar with diffe­
rent models. Methods of analysis therefore 
have to depend on the differences in risks, 
rather than differences in pattern, to dis­
criminate between models.
A wide range of genetic models is pos­
sible but here the problem is restricted to 
two extreme models and our ability to dis­
criminate between them. If discrimination
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is difficult betw een the extrem e m odels, 
then  it is likely to  be even m ore difficult 
am ong interm ediate m odels.
A t one extrem e we consider the two- 
allele single-locus m odel recently  p u t into 
a m ore general form  by E lston  & C am pbell 
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lying continuous scale o f liability to affet. 
tion, the liability  being m ade up of niaffi 
genetic and environm ental factors and fc 
is norm ally  d istributed. The disease be­
com es m anifest w hen the liability exceeds 
a critical th resho ld  level. This model has 
only tw o param eters, the population fre. 
quency (P) and  the heritability of liability
Methods
w ith t the  level o f penetrance, d  the dom i­
nance, and z the proportion  o f non-genetic 
(or environm ental) cases. Jam es (1971) has 
shown th a t there are only three independent 
param eters in this m odel, nam ely the add i­
tive and dom inance genetic variance and 
the population  frequency o f the disease. 
Therefore, to  obtain  a un ique solution w ith  
the single-locus m odel, a t least one p a ra ­
m eter (z, d, t, o r q) m ust be fixed.
A t the o ther extrem e we consider the 
m ultifactorial m odel o f inheritance (F a l­
coner 1965). This m odel assumes an  under-
T he m ethod  of approach  was to generate 
da ta  on the single-locus model and to test 
the goodness of fit o f the multifactoria! 
m odel to  this da ta  and vice versa, lie 
general p lan  of the analysis is shown ji 
T able 1. D a ta  of tw o kinds were generated 
T he first gave the fam ilia l frequencies (if. 
T ab le  3) in relatives o f affected individual 
T he second gave the distribution of siMifi 
o f s individuals w ith r affected (e. g. Table 
5), as required  fo r segregation analysis 
(M orton 1969b).
T o generate the distribution of sibshim
Table 1
Plan of the analysis; models, parameters, and program s used
Model and 
parameters






of fit tested by 
Program
Multifactorial Familial 9 Load DISQUAC
frequencies in Numerical Sing le-locus UNILOC
Frequency (P) relatives integration
H eritab ility  (h~) (Smith 1970)
D istribution of 9 S ingle-locus COMSEG
sibships
Single-locus Familial UNILOC 54 M ultifactoria l DISQUAC
Penetrance (t) frequencies in
Dominance (d) relatives
Non-genetic (z)
















































This section of COMSEG was not available In tim e for th is analysis.
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for the single-locus model, the computer 
program COMSEG (Morton, et al. 1971) 
ivas used. This program (1) derives the pro­
portion of each genotype among affected 
individuals, (2) generates a mating-type fre­
quency matrix, (3) derives the distribution 
of sibships of r children with r affected, (4) 
tests the fit for an initial set of parameters 
to a wen body of data on the distribution 
of sibships, (5) iterates for one to three spe­
cified parameters (t, d, z., or q) to obtain 
a better fit to the data, and (6) lists the 
final parameter set and the goodness of fit. 
Without iteration this program allows us 
to generate data on the distribution of sib- 
ships, and with iteration to seek a parame­
ter set which provides a good fit to data 
•enerated by another model. Further devel­
opment of COMSEG has made it possible 
to use the multifactorial model in segre­
gation analysis, but this section of the pro­
gram was not available for the present 
analysis.
Another computer program UNILOC, 
»sing the same single-locus model and sim­
ilar computing procedures, allows us to 
generate the familial frequencies for rela­
tives of affected individuals and corre­
spondingly to seek a parameter set with a 
good fit to data generated by an alternative 
model.
A further computer program DISQUAC 
(Morton, Yee, Elston & Lew 1970) allows 
»s to test the goodness of fit of the multi- 
factorial model to familial frequency data 
generated by the single-locus model. Two 
other models can be tested by this program. 
One is an alternative to the threshold 
aiodel. Edwards (1967) suggested a con­
tinuous genetic liability with an exponential 
r|sk function. However, it can be shown 
'hat the threshold model also implies a 
continuous genetic liability but with a cu­
rative normal risk function (Smith 1970). 
Since the latter is more reasonable and the 
'"° methods always gave similar results,
the Edwards model was dropped from the 
analysis. The third model available for 
testing by DISQUAC is the load model 
(Morton et al. 1970). Here it is proposed 
that in addition to many loci with small 
(microphenic), mostly additive effects, 
there may be a few loci with large (mega- 
phenic) effects which are partially domi­
nant. In the absence of inbreeding, as in 
this analysis, the load in relatives of af­
fected individuals can be written as T  +  CR 
and the proportion affected is ( l - e ~ A~CRJ 
where A is the population frequency, R the 
degree of relationship of the relative, and C 
is a measure of additive effects over all loci. 
Given the population frequency and the 
frequencies in relatives of affected individu­
als, we can find the value of C giving the 
best fit to the data.
The familial frequencies for multifactor­
ial inheritance were taken from Smith 
(1970). These were derived by numerical 
integration of the normal curve, a method 
which removes biases inherent in the orig­
inal threshold model. To generate the dis­
tribution of sibships with affected children, 
and to calculate the risks for children if 0, 
I, or 2 parents are affected, the numerical 
integration must include separate genetic 
distributions for both parents. The me­
thods are fully described by Smith (1971) 
in estimating recurrence risks with multi­
factorial inheritance. The procedure giving 
the frequency of sibships of size s with r 
affected is of the form
21  I I I
FM Q fM ( f )  (1 -Po  )  5 rPo ' I  Fm Q  FM 
If the father (F) is affected and the mother 
(M) is normal,
Q fm  =  f r f s i P f  ( 1  ~ P m) 
where f p  and P p  are the frequency and risk 
to fathers of genotype class F, and similarly 
for mothers. P 0  is then the risk to offspring 
of the particular parental genotype class 
combination (F,M). Given the frequency
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(P) in the population and the heritability 
(/i2), expressions of this form can be quickly 
evaluated by computer, generating familial 
frequencies and distributions of sibships for 
any situation.
Parameter Sets
We can deal with only a limited number 
of cases for each model, so we must choose 
sets of parameters which will cover a wide 
range or are of special interest. For the 
multifactorial model the choice is easy be­
cause of the simple graphical relation be­
tween population frequency, frequency in 
relatives, and the heritability (Falconer 
1965). Selection of three levels of popula­
tion frequency (P =  0.1%, 1%, and 10%) 
and three levels of heritability (/z2 =  20%, 
50%, and 80%) gives 9 parameter sets that 
span a wide range of situations possible in 
practice.
For the single-locus model with three 
independent parameters, the choice of pa­
rameter sets is more difficult. Ffowever, one 
restriction that can easily be applied is to 
arrange for the same population frequencies 
as chosen for the multifactorial case. Then, 
given values of the parameters z., d, and t, 
the gene frequency q corresponding to the 
population frequency P can be calculated. 
The situations of most interest are those 
where there are small deviations from strict 
Mendelian inheritance. Two series of para­
meter sets were chosen. In one, each of the 
parameters (z, d, and t) in turn was allowed 
to deviate from an otherwise strict Mende­
lian situation. The thirty parameter sets 
chosen in this series are shown in Table 7. 
In the other series, all three parameters 
(z, d, and t) were allowed to vary simulta­
neously from a Mendelian situation and 
here twenty-four parameter sets were cho­
sen ( Table 8).
analysing numbers rather than frequency 
so it was necessary to choose numbers f® 
each class of relative considered. The nun 
bers used were based on a family stUjv 
of diabetics (Smith, Falconer & Duncan 
1971) and chosen to simulate a study wift 
1000 probands and some 16,000 relative! 
A population of 1 million and a collection 
of 200 MZ twins were also used. The de­
tails are given in Table 3. The total number 
of relatives, or the distribution amons 
groups, should have little effect on ftt 
general results of the analysis. This«  
confirmed by varying numbers in tl* 
groups and also by dropping some grotpi 
from the analysis.
For segregation analysis, 1000 s ib s h ip s  ol 
size four were generated for each parental 
class (0, 1, or 2 parents affected) giving the 
equivalent of 18,000 individuals reco rd ed  
In practice most sibships would b e  from 
normal parents, with few from 1 or 2  af­
fected parents. The choice of an equal 
number (1000) of sibships in each parental 
class will thus make our tests much more 
sensitive than they would be in practice 
where the numbers with 1 or 2 affected 
parents would be small.
Sample Data
The computer programs were designed for
Goodness of Fit
To obtain the maximum likelihood fit to 
the data, the computer programs iterate 
over one or more parameters. The best fit 
of the model to the data is then expressed 
as a goodness of fit /2. Since there is nt 
random element in the generated data, 
degress of freedom and significance testsare 
not relevant, but the / 2>s are used as i 
scale to indicate the goodness of fit de­
tained. A perfect fit gives a %2 of zero, I® I 
2%s indicate good fits, while a poor fit to 
data will give a large '/}. However, ¡c 
same y2 value may not represent equivate 
levels of fit at different disease frequencies | 
This is because the y? depends on then® ] 
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relative, rather than on the to ta l num ber in 
each class. Thus the sam e %- value will rep ­
resent a better fit to the data  if the fre -
quency of the disease is h igh  in relatives
than if the frequency is low.
With the two param eter m odels, con­
vergence to a solution is usually  rapid . B ut 
for the single-locus m odel w ith  th ree  in d e­
pendent parameters, choice of the initial 
values for the param eters (and of the n u m ­
ber fitted) is often critical fo r convergence. 
Thus to explore the likelihood surface, a 
wide range of initial param eters is tried  and 
the most promising sets are then  surveyed 
In more detail until no fu rth e r im provem ent 
is obtained. However, there  m ay  well exist 
better parameter sets than  those obtained 
by the above procedure. M oreover, it was 
found that several param eter sets could 
achieve the same goodness o f fit, and  so a 
derived set does no t p rovide a un ique 
solution.
Sensitivity of Analysis
Before testing the fit o f one m odel to data 
generated by another m odel, it is im por­
tan t to  gauge how  sensitive the analyses are 
to  departures from  expectation on the orig­
inal m odel. On the one hand , the m ethods 
m ust be robust enough to accom m odate 
sam pling o r o ther biases likely in collected 
data. O n the other, they m ust be sensitive 
enough to discrim inate am ong differen t 
m odels tested.
A  series of analyses w ere ru n  to gauge 
the effects o f errors in  the frequency esti­
m ates on the goodness of fit x2-s. Some 
results are shown in T able 2 fo r d ifferent 
kinds and am ounts o f error. Small errors 
in the frequency of one or m ore classes 
seem to have little effect on the fit achieved 
or on the param eters obtained. This corre­
sponds to the situation w here there  are 
sam pling errors in estim ating the true  fre­
quencies. H ow ever, as the errors get larger, 
the fit rapidly deteriorates and high •/}■& 
are obtained. Thus, in practice, if som e of 
the frequencies are in error, or if there are 
biases in the data, the fit to  the true  model 
m ay be im paired and it m ay be difficult to 
distinguish betw een alternative m odels. 
H ow ever, in the analysis of generated data,








A guide to the e ffect of errors in frequency estimates on the goodness of fit*/,2
Source of error in frequency estimate Goodness of fit
M ultifactoria l * S ingle-locus
ito error in frequency estimates
(DISQUAC) (UNILOC)
<1 <1
Population frequency estimate in error by: ± 10% <1 <1
±  30% 7 5
±  50% 29 135
frequency for MZ twins overestimated by: 10% <1 <1
30% 2 10
50% 9 41
Frequencies for two of the classes of 10% 3 5
relatives overestimated (or 30% 20 83
underestimated) by: 50% 71 285
• requencies for some of the classes of 10% 6 20
relatives overestimated and other classes 30% 52 116
underestimated by: 50% 160 620
Multifactorial : population frequency 1%, heritabllity 50%.
Smgle-locus: population frequency 2.8%, t =  0.9, d =  0.1, z =  .0025, q = 0.1.
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Table 3
Frequency (X  1000) of affected relatives fo r m ultifacto ria l inheritance and the best fits 
achieved by the sing le-locus m odel and by the load model
Frequency (X1000)
Class of relative No. per class M u ltifacto ria l ,
, 4 „ S ingle-locus t  
data 1 Load
Population ....................................................... .........  1,000,000 1 1 1
MZ twins .......................................................... .......... 200 255 114 53
Sibs .................................................................... .........  4,000 28 38 27
Parents and children .................................... .......... 4,000 28 19 14
2nd degree ................................................... .......... 4,000 7 10 8
3rd degree ................................................... 4,000 3 6 3
Goodness of fit, chi-square ..................... <1 77 191
* Population frequency 0.1%, heritab iIity  80%. 
t  t =  0.9, d =  0.03, z =  0.0002, q =  0.01.
Table 4
Best fits achieved to m ultifactoria l data by the load m odel (z2h) and by the single-locus 
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they adequately account for the data) be­
cause they indicate that many other factors, 
some possibly genetic, are involved in ex­
pression of the disease. If this were so, then 
the multifactorial model with only two para­
meters would be a better method of sum­
marizing the data and of predicting risks. A 
more plausible set of parameters might be 
chosen if a poorer fit to the data were ac­
cepted, but such a choice would be quite 
arbitrary.
As the heritability on the multifactorial 
model increases, the fit by the single-locus 
model deteriorates so that it may be possible 
to discriminate between the models. Carter 
(personal communication) suggests that this 
is the situation for many congenital mal­
formations with high heritability, so that 
their mode of inheritance may be resolved. 
Table 3 shows the details of such a case. 
The y} is high, with large discrepancies in 
the frequencies for MZ twins, sibs, and 
parents and children. However, the para­
meters derived are plausible, with a high 
penetrance and a low non-genetic com­
ponent. Thus even in this case, with possible
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Table 5
Distribution of sibships (size 4) fo r m ultifacto ria l inheritance* and the fit by the single-
locus model
No. of parents affected
0 1 2
No. of 
affected sibs M ultifactoria l* S ing le-locus M ultifactoria l S ingle-locus M ultifactoria l S ingle-locus
0 965 969 852 842 570 579
1 33 29 129 139 307 291
2 2 2 17 17 100 104
3 0 0 2 2 21 23
4 0 0 0 2 2 3
Total families 1000 1000 1000 1000 1000 1000
Goodness of fit y2 0.82 0.91 1.58
------- ---------
Population frequency 1 %, heritab ility  50%.
the /2’S should provide a good criterion of 
the level of fit achieved by alternative
models.
Results
fit to Multifactorial Fam ilial Frequencies 
Table 3 provides an example of data on 
familial frequencies generated by the multi­
factorial model and gives the best fits to 
the data achieved by the single-locus model 
and by the load model. The results for all 
nine combinations of frequency and herit­
ability are given in Table 4. The load model 
provides a good fit to the multifactorial 
data at low and medium levels of herit­
ability, but the fit declines as the heritability 
Increases, especially if the disease is rare.
The single-locus model also gives a good 
fit to  multifactorial data at low and medium 
levels of heritability (Table 4). However, 
u sua lly  this was achieved through a low 
p e n e t r a n c e  or by a large non-genetic com­
ponent (accounting for 40-80% of all cases) 
or b y  both. Such sets are unlikely to be 
acceptable to human geneticists (although
sampling errors or biases in the collected 
data, it may be difficult to unambiguously 
reject the single-locus model despite a rath­
er poor fit to the data.
Fit to Multifactorial Segregation Data 
An example of the fit of the single-locus 
model to data on the distribution of sib- 
ships with 0, 1, or 2 affected parents is 
given in Table 5. The results for the nine 
multifactorial combinations are given in 
Table 4. Apart from one case (P =  10%, 
/¡2 =  80%), the fits obtained are all good. 
Moreover, they can usually be achieved 
with the parameter set derived in the pre­
vious section from the familial frequencies. 
This result was surprising but it shows that 
the same single-locus parameter set can 
mimic both the familial frequencies and the 
distribution of sibships found with multifac­
torial inheritance. Thus segregation analysis 
will tend to confirm the parameters found 
from analysis of familial frequencies rather 
than provide another basis for distinction 
between different modes of inheritance.
Fit to Single-locus Familial Frequencies 
With a good Mendelian locus, penetrance is 
complete ( i= l) , expression is either domi­
nant (d = l)  or recessive (d= 0), and all 
cases are due to the locus (z=0). What is 
the effect of changes in each of these para­
meters in obscuring a single-locus situation 
so that it may be confused with another 
model? The combinations of parameters 
studied are set out in Tables 7 and 8 ad. 
justing the gene frequency to obtain % 
same disease frequencies (0.1%, 1% aij 
10%) as before. Table 6 shows the form o( 
the generated data and the fit achieved hr 
the multifactorial model.
The results when only one parameter i 
allowed to deviate from a strict Mendelian 
situation are given in Table 7. In general 
very poor fits to the data are achieved It 
the multifactorial model. In addition, Ik? 
overall estimate of heritability often exceed 
100% or, if not, then one or more of esti­
mates from particular groups of relatives 
may do so. Thus it seems unlikely that! 
single-locus situation of this kind would be 
confused with multifactorial inheritance, 
The same conclusions hold for the loai 
model which also shows poor fits with Ike 
single-locus data. However, if the frequency 
of the condition is high and the parameter 
deviates far from the strict Mendelian sit­
uation, discrimination on both models again 
becomes more difficult.
The results when more than one para­
meter deviates from a strict Mendelian si­
tuation are shown in Table 8. With rare 
dominant conditions the fit by the multi- 
factorial model is again very poor and nc
Table 6
Familial frequencies (X  1000) fo r s ingle-locus data and the f it  by the multifactorial model







Population 1,000,000 10 10 0
MZ twins 200 215 313 8.4
Sibs 4,000 91 80 5.5
Parents and children 4,000 70 80 6.1
2nd degree 4,000 40 31 7.7
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Fit to single-locus data by the m ultifacto ria l model (listing the goodness of fit-/2, the 




Parameters Frequency (%) ( f)
- - - - - - - - t  d z 0.1 1.0 10.0
Non-genetlc 7 2 h2 n * 2 h2 n y2 h2 ii
cases
( ¡ # )
R ec e s s iv e 1 0 0.1P 896 119 3 532 108 3 165 102 1
1 0 0.5P 508 96 1 298 78 1 84 57 0
D om in a n t 1 1 0.1 P 2593* 184 4 919* 174 4 42 148 4




R ecess ive 1 0.01 0 439 102 3 423 107 3 179 110 1




R ecessive 0.9 0 0 869 119 3 495 110 3 134 105 1
0.5 0 0 - - 3 173 86 1 17 68 0
D om inan t 0.9 1 0 2599 184 4 920* 174 4 41 146 4
0.5 1 0 1693* 145 4 516* 127 4 9* 83 0
'Better fit obtained by the load model.
ambiguity between the models should 
arise. However, with recessivity the fits im­
prove a s  t h e  frequency increases and as the 
d ev ia tio n  in the parameters increase. In 
such cases it would again be difficult to 
discriminate between the models in prac­
tice.
Discussion
The results of these analyses show that in 
m any circumstances it may be very difficult 
to discriminate between different models of 
inheritance in genetic disease. The generali­
za tion  o f  the single-locus model allows it to 
c°v e r a wide range of situations, including 
m a n y  previously taken as evidence in sup- 
P °rt o f  multifactorial inheritance (e. g. Car- 
ler 1969), such as variable family risks and 
in c r e a s e d  risks to relatives with severity of
the proband. But this range and flexibility 
of the single-locus model also limits its 
usefulness, in that it renders the model non­
diagnostic. On the other hand, where in­
heritance is close to the simple Mendelian 
form, it should be possible to reject the 
multifactorial model. Where there is an 
overlap, and discrimination is not possible, 
then the data may be best summarized by 
the multifactorial model with only two para­
meters.
James (1971) has given some theoretical 
insight into the problem of discrimination 
between models which complements the 
results presented here. On the single-locus 
model he has shown that the risk in rela­
tives (P r) can be written P r =  P +  ( ó r a  V a 
■\ h iw  Vn)/P , where V a  and V d are the 
additive and dominance genetic variances 
and the b ’s are their coeffients in the ex-
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Table 8
Fit to s ingle-locus data by the m ultifactoria l model (details as Table 7)
Single-locus 
model with
Parameters Frequency (%) (P)
t d z 0.1 1.0 10.0
Recessivity 72 h2 ii Z2 h2 ii z2 v  «
High penetrance
Low z 0.9 0.1 0.1 P 196* 80 2 43* 69 0 25 74 0
High s 0.9 0.1 0.5P 78* 64 2 8* 45 0 12 40 0
Low penetrance 
Low z 0.5 0.1 0.1 P 85* 67 2 20 57 0 6 51 0
High z 0.5 0.1 0.5P 29* 52 0 3 35 0 4 28 0
Dominance
High penetrance 
Low z 0.9 1.0 0.1 P 2463’ 176 4 356* 163 4 40* 137 4
High z 0.9 1.0 0.5P 1592* 141 4 463* 122 4 20* 90 0
Low penetrance 
Low z 0.5 1.0 0.1P 1528* 139 4 452* 120 4 11* 72 0


















* Better f it  obtained by the load model.
pressions for the covariance between rela­
tives (e.g. Falconer 1960). James points out 
that the single-locus model cannot give rise 
to epistatic variance, while the additive mul­
tifactorial model gives no dominance vari­
ance. This difference in form of genetic vari­
ance generated is the basis for discrimina­
tion between the models. Thus, if the multi­
factorial model is true, it may give a better 
fit than the single-locus model to frequency 
data on relatives only if it generates ap­
preciable epistatic variance on the observed 
(normal or affected) scale. It was in fact 
shown by Dempster & Lerner (1950) that 
this condition exists when the heritability 
of liability is high and the population fre­
quency is low. However, as James points 
out, the epistatic variance components have 
small coefficients in the covariance between 
relatives and they are correlated with the 
coefficients for the additive and dominance 
variances. Thus despite the difference in 
the form of the variance generated, it may 
only be in extreme situations that discrimin­
ation between the two models is possible. 
This is confirmed in the present analysis in
that the fit by the single-locus model It 
multifactorial data decreases as the toil- 
ability rises and as the frequency falls, Mil 
at some level discrimination may be pos­
sible.
If data on consanguinity are available, 
the analytical methods used may be more 
powerful in discriminating between differ­
ent models (Morton 1967, Morton et al,
1970). For additive effects the m en 
should be unchanged by inbreeding (ft 
while the additive genetic variance increases 
by a factor (1+F). However, this patten  
may not hold for liability and disease fre­
quency. As loci not normally associate! 
with liability become homozygous, the lie- 
chemical and physiological status of th e  in­
dividual may change, and with this bad- 
ground change, the mean liability a n d  fc 
risks of affection may also be changed. For 
example, differences in frequency o f  a dis­
ease between sexes reflect the effects of ; 
changed physiological and hormonal state 
on the mean liability, and consanguini? 
may have similar effects. Thus with trait' 
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sanguinity may not be diagnostic o f ra re  
recessive inheritance bu t m ay be due to 
other factors.
Other recent approaches to  discrim inate 
between different m odes of inheritance 
might be of interest. R eich (1971) has sug- 
¡ested that where a disease has two (or 
more) threshold levels, the rela tive fam ilial 
frequencies for the two thresholds m ay  dif­
fer for the single-locus and m ultifactorial 
models, so that it m ay be possible to d is­
criminate between them . S later (1966) has 
shown how the distribution of affected  re ­
latives on the paternal versus the  m aternal 
side of the pedigree m ay help to  distinguish 
between multifactorial inheritance and  a  
dominant major gene w ith d im inished pene­
trance. More recently. E lston  (personal 
communication) suggests th a t m ultigenera- 
lion segregation analysis m ay  be useful in 
discriminating between d iffe ren t m odes of 
Inheritance.
Although the extrem e m odes of inherit­
ance have been considered here, a  w hole 
spectrum of other m odels is possible. F o r 
example, diseases m ay be associated w ith 
multiple alleles at one locus, o r involve the 
joint action of two or m ore  loci. A lte rna­
tively a condition m ay be heterogeneous, 
either clinically or biochem ically, and  clear­
ly the resolution of the heterogeneity  w ould 
then be important.
The problems of d iscrim ination  becom e 
even more difficult in p ractice. T here  will 
te sampling errors in the data  collected 
and there may be biases in  ascertainm ent, 
diagnosis, and classification. N on-genetic  
familial effects will have to  be d iscounted 
and modifications m ade fo r sex differences 
* frequency, variable onset age, severity, 
and differential m ortality. P ro o f of the 
¡act mode of inheritance m ay  be possible 
*9 if a fairly strict M endelian  p a tte rn  is 
discernible, or if biochem ical varian ts associ­
ated with the disease can  be dem onstrated  
(Fredrickson 1969). U sually  the results o f
analyses, such as these described here, will 
not be unambiguous and so the controversy 
about the mode of inheritance in genetic 
diseases is likely to continue.
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A statistical and genetical study of diabetes
II. H eritability of liability
B y  CHARLES SMITH,* D. S. FALCONERf a n d  L. J. P. DUNCAN{
IN TR O D U C T IO N
111 the past several different models of inheritance have been fitted to familial data on diabetes, 
and a plausible fit by the model proposed has usually been obtained (e.g. Harris, 1950; Sternberg, 
, 1959; Post, 1962; Barrai & Gann, 1965; Falconer, 1967; Simpson, 1969). In practice it may be 
I1 lifficult to distinguish between different modes of inheritance, unless a fairly strict Mendelian 
, pattern obtains (Smith, 1971). This is because different models may give similar familial frequen- 
1 des and similar distributions of segregation patterns among families. In this paper, the main 
method used in analysis is the heritability of liability model (Crittenden, 1961; Falconer, 1965).
Simpson (1964) proposed a multifactorial mode of inheritance for diabetes and the liability 
model has been used successfully in the analysis and interpretation of familial data (Falconer, 
1967; Simpson, 1969). This papier presents further independent estimates of heritability of 
' liability to diabetes and examines several new aspects. These are (1) the effects of common 
environmental factors on familial frequencies (from data on the spouses of patients and on 
spouses of relatives), (2) the genetic correlation between ‘ early-onset ’ and ‘late-onset’ diabetes 
(from data on age of diagnosis in patients and in their affected relatives), (3) estimates of herit- 
ability from second- and third-degree relatives, and (4) an appraisal of factors, such as mortality, 
which may bias the estimates of heritability (this is presented in the Appendix). The variable 
onset-age and the logarithmic increase in prevalence with age introduce several complications in 
i the genetic analysis, and so the methods used are described hi some detail. Estimation of the 
I population prevalence was described in the first paper of this series (Falconer, Duncan & Smith 
1971), where the factors affecting morbidity were examined.
SO URCES OE DATA
For a. heritability analysis, estimates are required of (1) the frequency of diabetes in the 
population and of (2) the frequency of diabetes among the relatives of diabetics. The frequency of 
diabetes in Edinburgh was estimated by ascertainment that was 90-95 % complete, and using 
the criteria (1) that the diagnosis of diabetes was confirmed by a doctor and (2) that the diabetic 
ns alive and living in Edinburgh on a given date. Details of the procedure and results were 
presented in the first paper of this series (Falconer et al. 1971). The results pertinent to the present 
j psper are summarized here with the age-specific prevalence by decade given in Table 1 and the 
frequency of diabetes in four onset-age groups given in Table 2.
Interview questionnaire
The frequency of diabetes in the relatives of diabetics was estimated through an interview 
questionnaire of out-patients attending the Diabetic Department at the Royal Infirmary
* University D ep artm en t of H um an  Genetics, W estern  General H ospital, E dinburgh.
t  D epartm ent o f G enetics, U n iversity  of E dinburgh.
1 Diabetic D epartm en t, R oyal In firm ary , Edinbrrrgh.
E dinburgh. Some 1367 diabetics on a  rou tine  v is it w ere questioned  ab o u t th e  diabetic status of 
the ir relatives. M ost o f th e  in terview ing w as done b y  one person  (Miss J .  H enry , B.Sc.) oven 
period of one year. F u ll details were ta k e n  on each p a tie n t an d  these  w ere checked later with tlie 
clinic files. In fo rm atio n  on rela tives w as sought in  a  ro u tin e  o rder so as to  cover the  whole family 
system atically  an d  to  elicit recall o f th e  second- an d  th ird -degree  re la tives b y  tracing  each Tbranch 
of th e  fam ily th rough  a  first-clegree relative. The o rder w as spouse, fa th e r, fa th e r’s sibs (paternal 
uncles and  aunts) in  order w ith  th e ir  children (paternal cousins), an d  sim ilarly  for the maternal
T able 1. Age-specific prevalence o f diabetes in  Edinburgh
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C urrent Age-specific prevalence (% )
age C ---- a-------- •\
(years) Males Fem ales All 1
o -  9 o-oio 0-016 0-013
10-19 0-092 0-094 0-093
20-29 0-209 0-195 0-202
30-39 0-306 0-259 0-282
40-49 0-641 o -434 0-531
SO-S9 o -995 0-817 0-898
60-69 1-750 i-88o 1-830
70-79 2-090 2-300 2-230 |
80-89 1-530 1-530 1-530
2. Num bers and percentage affected in onset-age groups
Dnset-age
group P opu la tion No. °//o
(years) (ooo’s) affected affected
0-24 468-0 3°4 0-064
2 5 -44 290-4 529 0-182
45 -6 4 180-3 1458 0-808
65-84 61-9 658 1-063
25-84 290-4 2645 0-9I2
side; th e n  sibs in  order w ith  th e ir  spouses an d  th e ir  children (nephew s an d  nieces to  the p: 
and  finally th e  p a tie n t’s children in  order w ith  th e n  spouses an d  th e ir  ch ildren  (grandchildrento 
the  patien t). The to ta l num ber repo rted  for each class o f re la tive  is g iven in  Table 3. Toreacl 
relative th e  detailed  relationsh ip  to  th e  p a tie n t w as recorded, along w ith  th e  nam e, sex, current 
age (or age and  year a t  death), address (where available) an d  d iabetic  s ta tu s . I f  the relative tie 
diabetic th en  th e  age a t  onset an d  cu rren t tre a tm e n t (d iet alone, o ral hypoglycaem ic or insulin! 
were also recorded. S ixty-one p er cen t of th e  p a tie n ts  h ad  no affected re latives, 26 % had one 
9 %  had  tw o, an d  4 %  h ad  m ore th a n  tw o affected relatives. In  all, 821 re latives, or 3-1 %"'® 
affected com pared w ith  th e  popu lation  prevalence of 0-63 %.
Reliability of interview data
Several checks were m ade on th e  re liab ility  of the  d a ta  given b y  th e  p a tie n ts  a t  interview. It 
p a tien ts’ own details were checked w ith  th e  clinic-file records a n d  w ere found  to  be quite accurate 
For 100 of the  patien ts , re la tives w ith  an  E d in b u rg h  address were con tac ted  asking them1 
confirm or correct th e  inform ation given ab o u t th em  b y  th e  p a tie n ts  a t  in terview . Useful repft 
were received from  563 relatives, over 70 %  of those circulated. N o errors w ere found in diaW; 
sta tu s  and, for th e  11 diabetics recorded, age a t  onset w as accurate. T he cu rren t ages of relative
quoted bv the pa tien ts , w ere also qu ite  reliable, as show n by  th e  figures in  T able 4. V iewed against 
the wide ranges of age involved, th e  bias in  age quo ted  was triv ia l, and  th e  s ta n d a rd  dev ia tion  of 
the errors in age was also sm all.
Table 3. N um bers o f relatives recorded and numbers affected with diabetes
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N o .  r e c o r d e d N o .  a f f e c t e d
P a r e n t s 2 , 6 7 6 2 0 7
S i b s 3>§92 3 2 1
C h  i l d r e n 2 , 0 4 2 1 8
U n c l e s ,  a u n t s 1 , 6 9 0 9 1
N e p h e w s ,  n i e c e s 4 , 6 5 8 2 2
G r a n d c h i l d r e n 2 , 2 7 5 3
C o u s i n s 3 - 6 4 3 8 3
P a t i e n t s ’ s p o u s e s 1 , 0 1 3 15
S i b s ’ s p o u s e s 1 , 8 9 6 1 8
C h i l d r e n ’s  s p o u s e s 1 , 1 0 4 I
O t h e r s 7 4 6 4 2
T o t a l 2 5 - 6 3 5 8 2 1
T able 4 . Sum m ary o f data on age o f relatives
%  w i t h S t a n d a r d  d e v i a t i o n
%  w i t h c o r r e c t  a g e o f  t h e  e r r o r s
C l a s s  o f  r e l a t i v e  N o . c o r r e c t  a g e +  2  y e a r s ( y e a r s )
First d e g r e e 1 2 8 8 2 9 6 I 'X
Second d e g r e e 2 1 7 6 8 8 3 2 - 6
Third d e g r e e 1 4 0 65 87 2 - 1
Spouse o f  f i r s t - d e g r e e r e l a t i v e  7 8 78 9 i i - 8
The diabetic s ta tu s  o f a  fu r th e r  50 re la tives who were said  to  be affected w as checked. One erro r 
was detected in  th is  sam ple. T he re la tiv e  concerned h ad  visisted  th e  clinic w ith  d iabetic  sym p­
toms, but test results w ere d o u b tfu l a n d  he h ad  n o t been classified as d iabetic. The ages a t  onset 
were again found to  be qu ite  reliable, th e  s ta n d a rd  dev ia tion  of errors being 1 • 7 y ea rs . The in fo rm a­
tion given on the  re la tiv e ’s m ode o f tre a tm e n t also proved  quite  sound. O f 25 said  to  be using 
insulin, all were doing so, th o u g h  tw o said  to  be on d ie t h ad  an  oral hypoglycaem ic tre a tm e n t.
Mims class and frequency
If a patient could cite th e  com plete address o f a re la tive, i t  w ould ind icate  th a t  th e y  were in  
«lose contact, and  m ig h t be likely  to  know  m ore ab o u t each o th e r’s h ea lth  s ta tu s  th a n  if  th e  
M Ss were unknow n or p a rtia lly  know n. To te s t  th is  supposition, re la tives were grouped  in to  
tee classes: w ith  (1) com plete p o sta l address, (2) address sufficient for contact, an d  (3) address 
taknown or insufficient. T he percentages of affected re latives in  these classes were com pared, 
adjusting to the average age of th e  first class by  th e  regression of liab ility  on age in  th e  population , 
which was +0-2 liab ility  u n its  p er decade. The results, hr Table 5, show some significant differ­
ences between classes. H ow ever, th e re  w as no consistent p a tte rn  am ong th e  different k inds of 
relatives and so th e  address classes were com bined for all th e  subsequent analyses. Since th e  
population frequencies refer to  living diabetics, only  d a ta  on living re latives were used  in  th e  
Stability analysis.
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Table 5. Percentage o f relatives affected (with standard error) by address class (the age iA® 
distribution o f the relatives has been taken into account) betfff
Address A ddress A ddress
com plete sufficient unknow n
(%) (% ) (% )
Sibs 9-8 ± i- o 5'3 ± 0 'S 4 -7 ± 0-9
P aren ts 5-i ± i-o 7'3 ± i '7 —*
Children o -7 ± 0-3 o -7 ± o -3 o-6 + 0-5
Uncles, aun ts 2-8 ±1-2 4-0 ± 0-7 i-8 + o-6
Nephews, nieces 0-4 ± 0-2 0-4 + o-i 0-2 ±o-x
G randchildren 0-2 ±0-1 o-o ± o -i o -3 + 0-3
Cousins 3-6 ± 0-9 2-0 + 0’3 3-6 ± 0-5
P a tie n ts ’ spouses i-6 ± 0-4 — —
Sibs’ spouses i -3 ± 0-4 0'5 + 0-2 i ’9 ±  0'7
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Selection o f patients  j
P a tien ts  a tten d in g  th e  clinic m ay  be m ore severely affected th a n  those  n o t attending, This | jjjere 
som'ce of b ias was assessed b y  com paring th e  d is trib u tio n  of tre a tm e n t b y  age for patients inter-! n(j ̂  
viewed and  for all d iabetics in  E d inburgh . C om pared w ith  th e  whole p o p u la tio n  of diabetics, there )fj||f0J 
were, w ith in  each group, ab o u t 5-10 % m ore p a tien ts  on insulin, an d  over th e  age of 50 there were  ̂ K|ren 
8-12 %  m ore p a tien ts  on oral hypoglycaem ic tre a tm e n t. T here  were corresponding deficits of j 
pa tien ts  on d iet trea tm en t. T hus, if  insu lin  tre a tm e n t reflects severity , th e  average liability of 
pa tien ts  in terview ed m ay  be h igher th a n  estim ated  from  th e  popu la tion . This would lead to a 
slight overestim ate of th e  h e ritab ility . A n effort w as m ade to  o b ta in  d a ta  from  as many patients 
as possible w ith  early  onset since th e  num ber in  th is  class w as sm all. E or th is  reason the average 
age a t  onset for p a tien ts  in terv iew ed (45 years) w as lower th a n  th a t  for all confirmed diabetica 
(52 years).
M O D E L S  A N D  M E T H O D S  
E dw ards (1969) an d  S m ith  (1970) p resen ted  an  unbiased  version of th e  heritab ility  or liability 
m odel (Falconer, 1965). H ow ever, th is  version is m ore difficult to  use in  com plex situations,such 
as those involving different onset-age groups or re la tives o f d ifferent ages. So th e  simpler original 
model was used in  th e  analysis and  th e  bias in  th e  genetic p a ram ete rs  la te r  discounted.
The phenotypic correlation (f) in  respect of liab ility  betw een  re la tives o f an y  specified sort is 
given b y  „  „t = X0 —  r p|
where x g and  xr are th e  m ean  liabilities of th e  popu la tion  an d  o f th e  re la tives of patients respec­
tively, and  ag is th e  average dev iation  in  liab ility  o f p a tien ts  (probands) from  the populatb 
m ean. I f  environm ental causes o f fam ilial resem blance are  absen t, th e  heritab ility  of liability 
(/i2) in  th e  population  is given by
h2 =  t ¡R,
where B  is W rig h t’s coefficient o f correlation betw een  poatients an d  relatives.
I f  th e  population  can be d iv ided in to  tw o groups (1 an d  2) on th e  basis o f sex, age, oroifc 
























where h\ and are th e  h eritab ilities  of liab ility  w ith in  each group, rG12 is th e  genetic correlation 
between the groups, an d  th e  x  an d  a  te rm s refer to  th e  groups ind icated  (Falconer, 1967). Thus 
where different age-groupings are  involved, th e  d istribu tions of onset age an d  of cu rren t age m ust 
betaken into account, b o th  for th e  p a tie n ts  an d  for th e ir  relatives.
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Diabetes is a heterogeneous disorder of im paired  carbohydrate  to lerance an d  u tiliza tion . 
Perhaps the m ost im p o rta n t an d  m ost com m on clinical d istinc tion  is betw een severe (insulin- 
dependent) cases w ith  early  onset an d  m ild  (generally insulin-independent) cases w ith  la te  onset. 
The question th en  arises w hether these  are  due to  d is tinc t genetic en tities or m erely  rep resen t 
degrees of severity -  in  te rm s of m etabolic derangem ent or insulin  dependence -  of th e  sam e 
genetic condition. The h e ritab ility  m odel can  be used  to  te s t  th e  fit o f these a lte rn a tiv e  m odels 
to observed data.
If early-onset an d  la te -onse t d iabetes are  m anifesta tions of th e  sam e genetic condition, th e  
ling. This difference of onset age reflects different pheno typ ic  levels of liab ility  to  th e  sam e causative factors, 
nts inter ancf the genetic correlation (rG) betw een  th e  tw o form s of th e  disease will be un ity . T he popu la tion  
tics, there ¿[fform a single continuous d is trib u tio n  of liab ility , on w hich there  are tw o thresholds. The m ore 
here were ^emethreshold separates th e  early-onset cases w ith  high liability , an d  th e  less extrem e separates 
deficits of j jjie late-onset cases w ith  low er liab ility . T he la te-onset cases all fall betw een th e  tw o thresholds. 
This model, which is illu s tra ted  in  F ig . 1 (a), will be called th e  cumulative m odel an d  represen ts 
the situation when rQ — 1. T he m ean  liab ility  o f early-onset p a tien ts  is ob ta ined  from  th e  p o p u la­
tion frequency of early-onset cases an d  th a t  o f la te-onset p a tien ts  from  th e  positions o f th e  tw o 
thresholds on the  d istribu tion . I t  therefo re  depends on th e  frequencies b o th  of early-onset cases 
((letermining the u p p er th resho ld ) an d  o f la te-onset toge ther w ith  early-onset cases (determ ining 
the lower threshold).
If early- and la te-onset d iabetes are due to  to ta lly  different genetic factors, th e n  th ere  are  two 
quite separate d istribu tions o f liability . This will be called th e  separate m odel represen ting  th e  
situation when rG =  0. I t  is illu s tra ted  in  Fig. 1 (6). I n  th is  case th e  m ean  liabilities o f p a tien ts  
iueach onset-age group are  derived  from  th e  separa te  frequencies of th e  groups in  th e  population . 
A third, and m ore likely, possib ility  is th a t  early- an d  la te-onset d iabetes are due p a r tly  b u t  
not entirely to  th e  sam e genetic factors. The genetic correlation w ould th en  lie betw een 0 an d  1. 
This will he called th e  related m odel: i t  is illu stra ted  h i Fig. 1 (c). I f  th e  re la ted  m odel rep resen ts 
the real situation, th e re  is u n fo rtu n a te ly  no simple w ay  of estim ating  th e  genetic correlation 
because it is not possible to  o b ta in  th e  m ean  liab ility  of th e  la te-onset p a tien ts . The m ean  liab ility  
oflate-onset p a tien ts  will depend  b o th  on th e  frequency of early-onset cases an d  on th e  pheno typ ic  
«elation between early  an d  la te  onset. H ow ever, th e  phenotypic  correlation  canno t be esti­
mated because individuals can n o t be in  b o th  groups. Some form  o f ite ra tiv e  solution, involving 
frequencies in re la tives o f early- an d  la te-onset groups m ay  be possible b u t  w ould have to  tak e  
accomit of the underly ing  genetic  an d  residual correlations as well as th e  pheno typ ic  correlation. 
The fit of the a lte rn a tiv e  cum ulative  an d  separa te  m odels to  th e  observed d a ta  can be tested , 
estimating for each m odel th e  h e ritab ility  (h2) w ith in  each onset-group an d  th e  q u a n tity  
fr’2= 12) betw een  onset-groups. The genetic correlation (rG_ 12) on each m odel can th e n
l)f estimated and te s ted  aga in st a  nu ll hypothesis of u n ity  for th e  cum ulative m odel an d  of zero 
“»the separate m odel. T he form  o f th e  analyses follows e quation  (2), ad justing  th e  p aram eters
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to the appropriate model and onset-group. For example, the mean liability in the late-onsetgrom 11« 
(Fig. 1) for the separate model is a'2, corresponding to the frequency q2> and for the cumulative ' We‘° 
model it is a2, which must be derived as ci2 =  ( (q2 +  gq) % +1) -  qxax )lq2. Similarly the terms in the
6 )  /
C u m u la tiv e  / ....  9 2












Fig. 1 . D iagram  to  represen t different genetic m odels for a  disease w ith  tw o consecutive groups 
identifiable (details see te x t ) ; assum ing (a) one continuous d is tribu tion  of liab ility  (the cumulative 
model), (6) tw o independent d is tribu tions of liab ility  (the separa te  m odel) an d  (c) correlated distribu­
tions o f liab ility  (the re la ted  model).
numerator of equation (2) need to be derived separately for each model and onset group. H* 
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using the formulae in Falconer (1965) to estimate the variances ( V) of the individual terms. Inf 
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The simple dichotom y in to  early- an d  la te-onset groups gives a w ide range of onset-ages in  th e  
Iate-onset group and  a  g rea t d isp a rity  in  frequency  betw een th e  groups. I t  is possible to  increase 
the sensitivity of the  analysis for th e  cum ulative m odel, b y  dividing th e  onset d a ta  in to  several 
onset groups and estim ating  th e  genetic correlation  in  liab ility  betw een groups.
Current age
The simplest estim ates o f th e  h e ritab ility  of liab ility  are derived  from  cu rren t age-groups 
(cohorts) of patients an d  th e ir  re la tives. These estim ates assum e th a t  the  cum ulative model holds. 
They are used here for com paring estim ates from  th e  tw o sexes, from  different k inds of re la tives 
and from different publications. As m en tioned  above, i t  is im p o rtan t to  m a tch  th e  popu la tion  
| parameters with the  age d is trib u tio n  of th e  re latives being studied .
R ESU LTS
I Hon-genetic fam ilial effects
Before undertaking a genetic  analysis, i t  is im p o rta n t to  establish  if  non-genetic fam ilial effects 
j are important, and  if  so to  a d ju s t for them . D a ta  on spouses of p a tien ts  an d  011 spouses o f first 
degree relatives give som e in fo rm ation  on th is  topic since spouses share th e  sam e env ironm ent 
¡after marriage) b u t none of th e  h e red ity  o f th e ir m ates. Thus estim ates of th e  correlation  in 
lability between spouses will give a  m easure of th e  bias in  th e  h e ritab ility  estim ates from  rela tives 
due to iron-genetic fam ilial effects. T he estim ates of th e  correlation betw een spouses, given a t  th e  
bottom, of Table 8, are  e ither low or negative, w ith  a  pooled value of — 0 0 1  ± 0-03. This ind ica tes 
tktnon-genetic fam ilial effects, a t  leas t those acting  a fte r m arriage, are n o t im p o rta n t in  affect­
ing the frequency o f d iabetes am ong re la tives o f diabetics.
•mi-age g ro u p s
In the analyses b y  onset-age, th e  separa te  an d  cum ulative m odels can be dea lt w ith  con­
tinently. Two sets o f analyses w ere m ade: (1) w ith  tw o onset groups -  under 25 years an d  over 
S years, and (2) w ith  four onset groups -  u n d er 25 years, 25-44 years, 45-64 years an d  
Si-84 years, corresponding to  d ifferent phases o f onset-age frequency. The frequencies of affected 
individuals in various onset-age groups are given in  T able 2. The d a ta  on all living first-degree 
relatives of both sexes w ere pooled for th e  analyses an d  are given w ith  th e  resu lts  in  Tables 6 
ffld7. The mean age is th e  average age o f re la tives in  th e  age-group w ith  th e  age-group b o undary  
«the upper lim it. The ju stifica tion  for pooling d a ta  on th e  sexes is given la ter.
In the analyses for th e  tw o onset-age groups (Table 6), th e  estim ates of heritab ility  o f liab ility  
similar for th e  tw o onset-ages an d  also for th e  tw o models. The reason th a t  tw o such different 
models give similar resu lts  is th a t  th e  frequency  of d iabetes increases logarithm ically  w ith  age so 
that the frequency in  th e  first onset group has little  effect on th e  frequency in  subsequent groups, 
® Oil the lieritability estim ates derived  from  them . T urn ing  to  th e  estim ates of genetic correlation 
between the onset groups, th e  estim ates are  again sim ilar for th e  tw o m odels b u t m arked ly  
'lifferent for the tw o a lte rn a tiv e  onset-age com binations. This difference is exam ined in  m ore 
»tailbelow. Hoivever, on  th e  basis o f a  pooled genetic correlation of 0-68 + 0-04 betw een  onset 
sTOUps, the separate m odel w ould  ap p ear to  be un tenab le  and  can be rejected .
II® further p a rtitio n  o f th e  d a ta  in to  four onset-age groups is m ade in  Table 7, an d  analysis 
''' cumulative m odel confirm s th e  p a tte rn  of resu lts w ith  tw o onset-age groups. W here th e
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p a tie n t’s onset group is lower th a n  th a t  of his re la tives, th e  e stim ates o f  genetic correlation ate 
all high (pooled value 1-00 ± 0 - 0 2 ) ;  b u t in  th e  reverse  s itu a tio n  th e  estim ates are m uch loner 
(pooled value 0-49 ± 0-04) an d  m ore variab le . T he difference is strik ing  a n d  real, b u t is more t o  
to  be due to  non-genetie th a n  to  genetic  effects. I t  could be well exp la ined  b y  the  trends found
Table 6. Num ber o f first-degree relatives, their mean age (see text) and the number affected 
by onset-age group o f the patient. Below : parameter estimates (w ith standard errors) derived 
fo r the separate and cumulative models (diagonals -  heritability; o ff diagonals (bold type) - 
genetic correlations)
F irst-degree re la tiv e s : onset-age group
r



















E arly 22 1075 22 36 766 49
Lato —  i i 6326 25 303 S i l l 57





0-66 + 0-03 
0-65+0-05








Table 7. Num ber o f first degree relatives, their mean age (see text) and the number affected 
by onset-age group o f the patient. Below: parameter estimates (with standard errors) derived 
fo r the cumulative model (diagonals -  heritability, off-diagonals (bold type) -  genetic 
correlations)
F irst-degree  re la tiv es : onset-age group




2 5 -4 4 4 5 -6 4A
65-84
No. T o ta l Mean No.
f
T ota l M ean N o. T o ta l M ean
C
No. Total Me»
group affected no. age affected no. age affected no. age affected no. age
<25 22 1075 22 20 766 41 12 455 56 4 107 74
25-44 7 1668 23 20 1344 42 41 948 59 14 414 74
45-64 3 3588 25 17 3367 43 114 2510 60 50 1165 74
65-84 I 1070 25 7 1066 44 20 815 60 20 444 76
P aram ete r estim ates
A
< 25 25 -4 4 4 5 -6 4 65-84
<25 0-65 + 0-05 1-16 ± 0-06 0-94 + 0-05 076 ±  0-06
25-44 064 ± 0-09 0-48 ± 0-06 i - 0 9 ± o - o 6 094 i  o'o6
45-64 0-03 + 0-13 0-38 ± 0-06 0-59 + 0-03 O 'qS +  o 'OS
65-84 003 ± 0-24 0-55 +  0-10 0-83 +  0-08 0-57 ±0'07
in the previous paper of th is  series (Falconer et al. 1971). These show ed th a t  the  frequency« 
diabetes in  an y  onset-age group declined w ith  earlier d a te  o f diagnosis (or increasing duration1 
the disease), th is  reduction  in  frequency being due e ith er to  lower d etec tion  ra tes  in the past,«
to a higher differential m o rta lity  o f  d iabetics. T he consequence o f th is  tre n d  is th a t  th e  frequency 
of early-onset cases is reduced  in  th e  h igher curren t-age groups, an d  th ere  is a high positive 
c o r re la t io n  between onset age an d  cu rren t age am ong living diabetics. There is also a  positive 
c o rre la t io n  between th e  cu rren t ages of p a tien ts  an d  th e ir  relatives. These correlations will affect 
the estimates of th e  genetic  co rrelation  in  th e  following way. P a tie n ts  in  a la te-onset group will 
have higher current ages, an d  so w ill th e ir  relatives. Therefore th ere  will be a reduced frequency 
of living early-onset cases am ong th e  re la tives o f la te-onset pa tien ts , and  th is  will reduce th e  
estim a te  of the genetic co rrela tion  derived  from  these groups. On th e  o ther hand , th ere  will be 
no comparable bias in  th e  reverse s itua tion , early-onset p a tien ts  w ith  la te-onset relatives. The 
reduced frequency o f early-onset cases here applies to  th e  p a tien ts  an d  resu lts sim ply in  a reduced 
number ascertained; th e  frequency  o f la te-onset cases am ong th e ir  re la tives will n o t be affected. 
For these reasons, therefore, th e  genetic  correlation  is m ore re liab ly  estim ated  from  early-onset 
patients and late-onset re la tives, an d  th e  estim ate  of ab o u t 1-0 can be accepted as th e  m ore valid . 
T h e  conclusion d raw n from  these  analyses, then , is th a t  early- an d  la te-onset d iabetes have 
the same, or a quite sim ilar genetic  causation . In  o ther w ords, th ey  derive from  th e  sam e d is trib u ­
tion of liability to  th e  disease, or have  a  highly  correlated  b ivaria te  d istribu tion . The rest of th e  
paper proceeds on th e  basis o f  a  single d is trib u tio n  in  liability . The h e ritab ility  estim ates for 
liferent onset-age groups, g iven in  Table 7, show a higher value for early-onset th a n  for m edium - 
orlate-onset cases. H ow ever, a continu ing  decline in  heritab ility  w ith  increasing onset age, found  
by Falconer (1967) an d  Sim pson (1969), w as n o t ap p a ren t in  these d a ta .
Current age-groups
Patients in a cu rren t age-group (or cohort) form  a  com posite of several onset age-groups. 
Seritability estim ates derived  from  th em  are  also com posite and  m ay  be difficult to  in te rp re t. 
However, the estim ates are easy  to  derive an d  are useful for com parisons betw een th e  sexes an d  
between populations, an d  also for te s tin g  th e  consistency of estim ates derived from  different k inds 
of relatives.
Fora dhect com parison w ith  S im pson’s (1969) results, th e  analyses for sibs were m ade for th e  
four sex combinations o f p a tien ts  an d  re latives, M M , M F , F M  and  F F , for each decade of age. 
he four sets of estim ates (equation  (2)) are  p lo tted  over age-groups in  Fig. 2, w ith  Sim pson’s 
®ults for comparison. The E d in b u rg h  values are m ore variab le  th a n  Sim pson’s since there  were 
los data available. H ow ever, th e  p a tte rn  o f th e  pooled d a ta  is consistent in  showing th a t  th e  
dimates of heritab ility  are h igher in  th e  E d inb u rg h  d a ta , and  th a t  th e  estim ates are higher for 
wfy ages th an  for la te r  ages in  b o th  sets o f d a ta .
hie genetic correlations {rG FM) betw een sexes a t  each decade were estim ated  from  th e  values 
Fig. 2, and pooled over ages. T he estim ates from  th e  E d inburgh  d a ta  were 0-97 + 0-09 and  
103+0-09 for the  M F  an d  F M  classes respectively  giving an  overall estim ate  of 1-00 ± 0-06. W ith  
Epson’s data th e  e stim ate  o f th e  genetic correlation  betw een sexes was 1-03 + 0-03 for th e  M F  
('l®, but for the  F M  class th e  correlation w as only 0-61 + 0-03, due to  a  deficiency of affected 
brothers of female p a tien ts . S im pson w as unab le  to  explain  th is  anom aly for th e  F M  class, an d  
smce it was not found in  th e  E d in b u rg h  d a ta  we conclude th a t  th e  resu lt was p robab ly  a spurious 
one.
File change in  h e ritab ility  w ith  age m ay  be due to  a change in  th e  environm ental variance or 
"a change in the  m ean  liab ility , or to  bo th . Falconer (1967) (equations (3) an d  (5)) showed how
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i t  m ay be possible to  differentiate betw een  these possibilities. As a  m eans o f detecting a 
of m ean liability , he suggested expressing th e  liab ility  in  genetic, in s tead  o f phenotypic, standard 
deviation un its , since th e  genetic variance is m ore likely  to  be co n stan t th a n  the phenotype 
variance. The m ean  liab ility  a t  age i  in  genetic s ta n d a rd  d ev ia tion  u n its  is given by ¡8*/?̂ , wW 
x t is the  m ean liab ility  in  pheno typ ic  un its , an d  \  is th e  square  ro o t o f th e  lieritability at ami 
The m ean liability , expressed as show ed a  significant increase w ith  increasing age in % 
E dinburgh  d a ta . This supports th e  conclusion, based  on th e  C anad ian  d a ta , th a t  a change in 
environm ental variance is n o t sufficient to  accoun t for th e  red u c tio n  in  h e ritab ility  with age, and 
consequently th a t  there  m ust also be an  increase in  m ean  liab ility  w ith  increasing age.
10 20 30 40  50
C u r r e n t  ag e  o f  p a t i e n t  ( y ea r s )
60 70 80
Fig. 2 . H eritab ility  estim ates from  sibs b y  cu rren t age group of p a tie n t from  th e  present data and
from  Sim pson (1969).
The overall estim ates o f h e ritab ility  derived  from  different k inds o f relatives are given il 
Table 8. These estim ates tak e  in to  account th e  age d is trib u tio n  o f p a tie n ts  an d  of relatives as 
described by  Falconer (1967). The low estim ates o f co rrela tion  in  liab ility  betw een spousesi'.av 
already been no ted  an d  ind icate  th a t  com m on env ironm en ta l effects, a fte r marriage, are not 
im p o rtan t in  affecting th e  frequency of d iabetes h i spouses. Since re la tives te n d  to  live apart after 
m arriage th e ir environm ental sim ilarities are likely  to  be even less th a n  for spouses. There remains 
the  possibility of resem blance due to  sim ilar childhood env ironm en t b u t  th e re  were insufficient 
d a ta  on adopted  children to  te s t  th is  effect.
E stim ates of heritab ility  from  different k inds of re la tives were sough t for several reasons: (t 
to  get fu rth er estim ates of the  param eter, (2) to  te s t th e  app licab ility  of th e  th resho ld  model across 
all kinds of relatives, and  (3) to  derive estim ates less influenced b y  an y  environmental effect 
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a change relatives were quite v ariab le  an d  so are  difficult to  in te rp re t or accoun t for. T here  w as a  good 
standard a«eement between th e  estim ates from  sibs an d  pa ren ts , w hich were th e  groups w ith  th e  largest 
lenotypif numbers of affected re la tives. E s tim a tes  from  th e  o ther groups h ad  m uch larger s ta n d a rd  errors, 
where but-still many of th e  differences am ong groups were significant (P  < 0-05). The estim ates from  
children and from th e  th ree  groups o f second-degree re la tives were all in  th e  20-40 %  range and  
were significantly lower (P  < 0-05) th a n  th e  estim ates from  sibs an d  paren ts. On th e  o th e r han d , 
hange in tie estimate of h e ritab ility  from  cousins w as significantly  higher th a n  for others.
Table 8. Estimates o f heritability fro m  first-, second- and third-degree relatives, and o f the 
correlation in  liability between spouses (the age distributions o f the patients and o f their 
relatives have been talcen into account)
H eritab ility S tandard
R ela tive (or correlation*) error
F irs t degree
Sibs 0-56 0-03
P a ren ts  (alive) o'43 0-06
P a ren ts  (all) ° ’52 0-02
Children 0-19 0-07
Second degree
U ncles, aun ts 0-38 0-09
N ephew s, nieces 0-22 O-IO
G randchildren 0-24 0-25
T hird  degree
Cousins 1-02 0-14
Spouses
P a tie n ts ’ spouses 0-03* 0-04
Sibs’ spouses — 0-02* 0-04
C hildren’s spouses - 0-35* 0-21
The range of h e ritab ility  estim ates from  th e  different k inds o f re la tives raises doub ts ab o u t 
both the data collected an d  ab o u t th e  m ethods o f analysis used. P erhaps th e  th resho ld  m odel is 
»tappropriate for th e  inheritance  an d  expression o f d iabetes. B u t y e t equally  th ere  seems to  be 
»other genetic m odel th a t  can accoun t for th e  d a ta  found, nam ely  a lower frequency  in  children 
than m parents to g e th er w ith  a higher frequency  in  cousins th a n  in  second-degree rela tives. A 
scond possibility is th a t  th e  env ironm en ta l com ponents am ong rela tives m ay  affect th e  various 
«eritability estim ates d ifferently . H ow ever, i t  was show n th a t  th e  correlation  in  liab ility  betw een 
spouses was low, an d  th is  ind ica tes th a t  env ironm enta l effects a fte r childhood are n o t im p o rta n t 
»'biasing the he ritab ility  estim ates. T here rem ains th e  possib ility  of env ironm ental effects during  
childhood, before m arriage. I f  th e  env ironm enta l resem blance betw een re la tives decreased less 
thau genetic resem blance, th e n  higher h e ritab ility  estim ates w ould  be ob ta ined  from  second- an d  
W-degree relatives th a n  from  first-degree relatives. B u t th e  resu lts  for first-degree rela tives 
We intermediate to  th e  h e ritab ilities  estim ates for th e  tw o groups so w eakening th e  arg u m en t 
‘® common childhood env ironm en ta l effects. H ow ever, cousins te n d  to  be con tem porary  w ith  
’he patient, while second-degree re la tives are no t, an d  th is  con tem poraneity  m ay  increase th e  
fWironmental resem blance betw een  cousins, leading to  a  higher h e ritab ility  estim ate . S till 
Mother possibility to  exp la in  th e  range of h e ritab ility  estim ates in  T able  8 is a b ias in  reporting . 
Relatives with the  low est h e ritab ility  estim ates (children, nephew s, nieces an d  grandchildren) all 
groups1 !®e towards the  end  o f th e  questionnaire. A t tin s  stage, th e  p a tie n t a fte r an  early  en thusiasm
in  reporting details on th e  first re la tives cited, m ay  have fe lt tire d  an d  im patien t to end the 
interview . F o r these groups there  m ay have been a n  under-repo rting  o f affected cases, c o m p a n d  
w ith  an  over-reporting for th e  earlier groups in  th e  questionnaire . B ecause o f the  anomalous 
high heritab ility  estim ate  for cousins, th is  g roup  -was s tu d ied  in  m ore detail. To see if the anonial'v 
was associated w ith  one ty p e  of cousin, th e  d a ta  were sep a ra ted  in to  four classes by the sex es  of 
the  pa ren t of th e  p a tie n t an d  of his sib, th e  p a re n t o f th e  cousin. H ow ever, th e  frequencies of 
diabetic cousins were sim ilar in  th e  four classes, so th e  anom alously  h igh  h e ritab ility  was common 
to  all four classes. This -would d iscount th e  role of cytoplasm ic in heritance  or excess recordi» 
on th e  m aternal side in  causing th e  h igh h e ritab ility  estim a te  in  cousins. A nother possibility 
suggested b y  D r T. R eich, is an  under-repo rting  of unaffected  cousins, for this might not 
apply to  first- ancl second-degree re latives, who w ould be easier to  recall a t  interview. H ow ever, 
the  average sibship sizes of cousin fam ilies of nephew -niece fam ilies w ere sim ilar so there is no 
evidence to  support D r R eich’s suggestion.
On the  whole, none of th e  above possibilities p rovides a  reasonable  exp lan a tio n  for the range of 
heritab ility  estim ates found. T hus un til th is  d ilem m a can be resolved -with new  d a ta  or a different 
model, b o th  th e  cu rren t d a ta  an d  th e  th resho ld  m odel m u st rem ain  u n d er som e doub t in describing 
the  inheritance of diabetes an d  its  frequency  in  re la tives o f affected individuals.
Liability and seventy
Clinically severe diabetes usually  requires insu lin  tre a tm e n t while in  less severe cases ail oral 
hypoglycaem ic agent or a  d ie t regim e m ay  be sufficient to  contro l th e  disease. Is  clinical severity, 
as indicated  by  th e  tre a tm e n t requ ired , re la te d  to  genetic  liab ility?  To s tu d y  this question, 
pa tien ts were grouped b y  cu rren t tre a tm e n t an d  b y  onset age, an d  th e  frequency  hi sibsofeai 
group was evaluated . The m ean  liab ility  of sibs in  each group w as th e n  expressed as a deviation 
from  the  age-m atched popu la tion  liab ility  an d  pooled over onset groups, w eighting by the mverse 
of the  variance of th e  estim ates. The resu lts, g iven in  T able 9, show' a significantly  lower liability 
of sibs of those on d iet trea tm en t, b u t  little  difference in  liab ility  betw een  th e  oral hypoglycaem 
an d  insulin groups. Thus th e  level o f liab ility  of th e  least severely affected  group of patients is 
clearly lower th a n  th a t  o f th e  tw o m ore severely affected groups. T he differences of liability may
Table 9. Treatment group o f patient and liability o f sibs expressed as a deviation from the 
age-matched population liability (see text)
T rea tm en t group D ev ia tion  in  S tan d ard
of p a tie n t liab ility  o f sibs error
D iet 0-68 O 'lo
Oral hypoglyeaem ic o-gi o-o6
Insu lin  0-95 o-o6
in  rea lity  be larger th a n  th e y  appear because th e  com parisons m ade te n d  to  underestimate tit 
differences for the  following reason. T rea tm en t is likely  to  change from  d ie t to  oral hypoglycae» 
to  insulin w ith  increasing d u ra tion  of th e  disease. C lassification b y  cu rren t tre a tm e n t will therefore 
be p a rtly  a classification by  dura tion , w hich is n o t a  m easure o f severity . T hus it  is probably 
justifiable to  conclude th a t  th e  genetic level o f liab ility  is co rre la ted  w ith  clinical severity ov® 
the  whole range of severity.
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liability and date o f diagnosis 
Relatives of p a tien ts  w ith  d ifferent da tes of diagnosis m ay  provide in form ation  as to  w hether 
differential m ortality  or changes in  th e  detection  ra te  is responsible for th e  reduced  frequency  of 
diabetics with increasing d u ra tio n  an d  earlier d a te  of diagnosis, w hich w as described in  th e  earlier 
paper (Falconer etal. 1971). B o th  m o rta lity  and  detection  are likely to  be connected w ith  severity  
and therefore also w ith  liab ility . I f  th e  redu c tio n  in  frequency is due to  m o rta lity  th e n  living 
diabetics who were d iagnosed a t  an  early  d a te  will have a  lower m ean  liab ility  th a n  those d iag­
nosed at a later date . On th e  o th e r han d , if  th e  reduction  in  frequency is due to  increasing detec­
tion rate, the reverse will hold  a n d  earlier diagnosis will be associated w ith  higher m ean  liability .
Table 10. Decade o f diagnosis o f the pa tien t and the liability o f his sibs expressed as a deviation  
fro m  the age-matched population liability (see text)
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If both causes were opera ting  th e  c o n tra ry  effects m igh t counterbalance, leaving no differences 
in liability associated w ith  th e  d a te  o f diagnosis. The genetic level o f liab ility  of p a tien ts  w ith  
different dates of diagnosis w as estim a ted  from  th e  m ean  liab ility  of th e ir first-degree relatives. 
Patients were grouped b y  th e  decade o f diagnosis an d  also b y  onset age. The frequency  in  all 
irst-degree relatives w as calcu la ted  an d  again  th e  m ean  liab ility  of each group expressed as a 
deviation from the  liab ility  o f an  age-m atched  control an d  pooled across onset ages. The resu lts, 
given in Table 10, show no significant differences in  liab ility  of re la tives of p a tien ts  diagnosed in  
different decades. This suggests th a t  b o th  differential m orta lity  and  an  increasing detection  ra te  
were operative. The te s t, how ever, is n o t very  sensitive because only a  frac tion  (f  A2) of th e  pheno­
typic differences betw een p a tie n ts  appears in  th e  differences betw een th e n  relatives. T hus large 
numbers of relatives w ould be requ ired  to  dem onstra te  significant differences betw een groups.
DISCUSSION
In this paper we re s tr ic t ou r analysis and  discussion to  th e  h e ritab ility  of liab ility  m odel 
(Falconer, 1965). L a te r  we hope to  consider o ther form s of analysis an d  o ther m odes of inheritance 
and also to presen t b o th  em pirical an d  theore tica l risks of diabetes for ind iv iduals in  d iabetic
families.
Though there is considerable lite ra tu re  on th e  frequency of diabetes in  th e  rela tives of diabetics, 
h is usually no t in  a  form  su itab le  for analysis b y  th e  heritab ility  m odel —w here age-specific 
Prevalance, current ages (and preferab ly  also onset ages if  affected) o f p a tien ts  an d  of th e ir  
relatives are required. In d eed  for an y  genetic disease w ith  a  variable age of onset, d a ta  on onset 
®d current age are necessary  for a  com plete genetic analysis. L ack of details on these topics, 
® iheir omission in  analysis, has v itia te d  th e  resu lts of m uch of th e  earlier w ork on th e  genetics 
°f diabetics.
The genetic re la tion  betw een  th e  early-onset an d  la te-onset form s of diabetes is fundam en ta l 
mthe genetic analysis. The m ethods to  resolve th is  question using d a ta  on onset age are therefore
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described in  detail. O ur general conclusion from  th e  resu lts, w ith in  th e  lim its imposed by the Iliusit 
m aterial and  m ethods available, is th a t  early -onset an d  la te -onse t d iabetes are largely the sarae diabeti 
genetic disease. T h a t is, in  te rm s o f th e  liab ilh y  m odel, th e y  derive from  a  com m on distribution 
of liability  to  th e  disease, or from  a highly  co rre la ted  b iv a ria te  d istribu tion .
This conclusion differs from  th a t  o f E  alconer (1967) a n d  S im pson (1969) on analysis of Canadian 
data . They found lower genetic correlations betw een  onset ages an d  concluded th a t  early-onset, 
and  late-onset diabetes were p a r tly  or w holly different genetic en tities. T heir analysis of the onset 
age d a ta  was n o t as com plete as th e  m ethod  given here an d  so th e  C anad ian  d a ta  (Simpson 1965 
appendix tables 1-12, 14-17) have been re-analysed  by  th e  p resen t m ethods. Two deficiencies in 
th e  d a ta  are (1) th a t  th e  popu la tion  frequencies rvere es tim ated  from  one section of the Canadian 
population  an d  th is  m ay  n o t have been rep resen ta tiv e  o f th e  w hole popu la tion , and (2) that 
p a tien ts  on d iet tre a tm e n t m ay  n o t have  been  ascerta ined  w hile re la tives on diet treatments 
would be included. W ith  th e  ‘se p a ra te ’ m odel, w hich assum es th a t  early  an d  la te  onset groups
Table 11. Reanalysis o f onset-age data on Canadian diabetics fro m  S im pson  (1969)
(1, D etails of th e  control popu la tion ; 2 , genetic param eters estim ated  b y  th e  cum ulative model 




Onset-age r 1 T ota l %
group 0-19 20-39 40 + no. affected
0-19 43 31 12 io s ,974 O 6 CO
20-39 41 77 57,317 0-205
40 + — — 822 34,289 2-400
Genetic param ete r estim ates
R elatives onset-age group
P a tien t A
onset-age group 0—19 20-39 40 +
0-19 0-67 + 0-03 i -o i ±  0-03 0-59 ±0-02
20-39 0-71 ± 0-04 0-43 ±  0-02 0-82 ± 0-04
40 + 0 - 3 5  + 0 - 0 5 0-79 ±0-03 0-20 + 0-02
are genetically d istinc t (rG = 0), genetic correlations betw een  onset-age groups were all signifi­
cantly  different from  th e  expecta tion  of zero, an d  so th e  sep ara te  m odel again  appears untenable. 
The results for th e  ‘cu m u la tiv e’ m odel, w hich assum es th a t  th e  early- an d  late-onset groups are 
genetically sim ilar (rG = 1-0), are given in T able 11. N ote  th a t ,  in th is  analysis, th e  mean liability 
of p a tien ts  in  each onset group depends on th e  p roportions (and liabilities) o f patien ts in earlier 
onset groups. In  Table 11 there  is a strong  tre n d  in h e ritab ility  w ith  age, th e  heritab ility  decreasing 
sharply as onset age rises. This tre n d  has been ch aracteristic  o f all th e  analysis on age groups 
except for the  analysis of onset age in  th e  E d in b u rg h  d a ta . The genetic  correlations between onsei 
groups in  Table 11 are all higher th a n  those given b y  S im pson (1969) an d  have a  pattern  similar 
to  the  results in th e  E d inburgh  analyses (Tables 6 ,7 ). As before th e  genetic correlations fro® 
early-onset p a tien ts  an d  la te-onset re la tives were h igher an d  should  be m ore reliable than tb® 
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Thus it appears th a t  th e  C anadian  d a ta  also su p p o rt th e  conclusion th a t  early-onset an d  la te -onsc t 
diabetes are largely th e  sam e genetic disease, for th ere  is considerable overlap in  th e  genetic  
liability to early-onset a n d  la te-onset disease.
The results from th e  analysis o f cu rren t-age groups have already  been discussed an d  com pared 
with the Canadian resu lts. T he E d in b u rg h  estim ates o f h e ritab ility  ten d ed  to  be som ew hat higher 
land more variable since th ere  w as less d a ta  available) th a n  th e  C anadian  estim ates, b u t  b o th  
sets of estimates showed a  decline in  h e ritab ility  w ith  increasing age group. T he anom aly  in  th e  
je n e tic  correlation of liab ility  be tw een  sexes, estim ated  from  th e  b ro thers o f fem ale d iabetics in  
l ie  Canadian data, was n o t found  in  th e  E d in b u rg h  analysis and  is likely to  have been a spurious 
effect.
The range in the  h e ritab ility  estim a ted  from  different k inds of re la tives is perplexing an d  
mlt to explain or d iscount. One o f th e  reasons for including a  series o f re la tives in  th e  E d in - 
ku'gh analyses, was to  te s t  th e  su itab ility  o f th e  h e ritab ility  of liab ility  m odel for all classes of 
relatives;, with different genetic  an d  env ironm enta l con tribu tions to  liab ility  in  com m on. D espite 
many further investigations we have no sa tisfac to ry  exp lanation  for th e  set o f resu lts  o b ta in ed .. 
These anomalies m ust th ro w  som e d o u b t on th e  v a lid ity  of th e  liab ility  m odel for d iabetes. H ow - 
erer, there seems to  be no o th e r genetic m odel w hich could ad equa te ly  explain  th e  set o f d a ta  
feined on the frequencies o f d iabetes in  re la tives. I t  w ould be easy to  dism iss th e  problem  as 
jiie to the inadequacy o f th e  questionnaire  m ateria l, b u t our checks found  th e  in form ation  
Able. Moreover, th e  re s t of th e  analyses also depend on th e  sam e m ateria l. I t  w ould seem th a t  
■¡illy by collecting fu rth e r m a te ria l in  re la tives, an d  checking i t  m ore thoroughly , is th is  problem  
likely to be resolved.
In a population s tu d y  on genetic  disease, such as th is  one, i t  m ay  be difficult to  p rev en t biases 
in the data and in  th e  analysis. H ow ever, if  th e  biases can be identified th e ir  effects can often  be 
iscoimted. The original F alconer (1965) m odel is m ore versatile  in  analysis o f age groups, sexes, 
etc., than the unbiased versions (Sm ith, 1970), an d  has been used  th ro u g h o u t th is  paper. This 
bids to a slight underestim ate  o f th e  h e ritab ility , th e  bias being ab o u t 5-10 %  of th e  tru e  value. 
However, this bias will be largely  offset in  th e  p resen t analyses b y  incom plete (90-95 %) ascer­
tainment of diabetics in  e stim ating  th e  p o pu la tion  prevalence. A possibly m ore com m on bias to  
britability estim ates in  m an  m ay  come from  non-genetic fam ilial effects w hich m ake fam ily  
ttmbers more alike. T he resu lts  on  spouses of p a tien ts  an d  on spouses of first-degree re la tiv es  
suggest that non-genetic fam ilial effects, a t  least those acting  a fte r m arriage, are n o t im p o rta n t 
inthe diabetes analysis. O f m ore im portance  are th e  effects of differential m o rta lity  of d iabetics 
»pared with norm al individuals, an d  of severely affected d iabetics com pared w ith  all diabetics. 
Was been shown th a t  e ither or b o th  of these effects could lead to  serious u nderestim ation  of th e  
irueheritability. T hey  could also, as argued  here, affect th e  genetic correlation in  liab ility  betw een 
®et-age groups an d  so lead  to  a conclusion of genetic d issim ilarity  for a single genetic disease 
«¿ruosed at different ages. H ow ever, i t  w as n o t possible to  assess th e  n a tu re  or th e  e x te n t o f 
differential m ortality  am ong d iabetics an d  so th e  effects of th e  biases due to  m o rta lity  canno t be 
'wived.
SUMMARY
the frequency of d iabetes in  th e  re la tives o f diabetics w as m easured th ro u g h  an  in terv iew  
i'Btiomiaii’e of some 1367 diabetics a tten d in g  a diabetic  clinic. D a ta  on cu rren t age, sex, re la tio n ­
al *ad other details were o b ta in ed  for all re la tives, an d  on onset age and  tre a tm e n t for d iabetic
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APPENDIX
Sources o f bias in  estimating heritability
There are several sources of bias in  estim ating  th e  h e ritab ility  o f liab ility  from  data 011
tio n  frequency and  frequencies in  relatives. Two sources of bias in  th e  original threshold 
(Falconer, 1965), nam ely  a reduced variance an d  a  skew ed d is trib u tio n  in  relatives, have already 
been resolved (Sm ith, 1970). These cause a  reduction  in  th e  estim ates o f heritability  by ate 
5 % of the  tru e  heritab ility  value. M endell & E lsto n  (1971) have show n how to  adjust the her#
relatives. Various checks were m ade on th e  v e rb a l in fo rm ation  g iven  b y  th e  patient about fc 
relatives, an d  th e  d a ta  proved  reliable. D etails o f  pop u la tio n  p revalence an d  m orbidity  of diabetic; 1 ofonse 
were given hr an  earlier paper (Falconer et al. 1971).
The heritab ility  of liab ility  m odel of Falconer (1965) w as used  in  analysis of the data, T«, 
modified versions of th is  m odel are  described, for te s tin g  th e  hypo theses (1) th a t  early-onsetaiij 
late-onset diabetes are d istin c t genetic en tities  an d  (2) th a t  th e y  rep resen t different levels of 
liability  to  th e  sam e genetic disease. The resu lts  from  analysis o f d a ta  o n  onset age for patients 
an d  for the ir first-degree re la tives su p p o rt th e  m odel of a  single genetic disease. This indicates 
th a t  early-onset and  la te-onset d iabetes have  th e  sam e, or v e ry  sim ilar, genetic causation and 
derive from  a single d is tribu tion  of liab ility  to  th e  disease (or from  a  h ighly  correlated bivariate 
distribution). The estim ate  o f h e ritab ility  of liab ility  from  th e  onset-age d a ta  on first degree 
relatives was 0-59 ±  0-03, an d  th e re  w as no significant tre n d  o f h e ritab ility  on onset age.
A nother series of analyses were perform ed using d a ta  on th e  cu rren t ages of pa tien ts and of their 
relatives. The prevalence in  spouses of p a tie n ts  an d  o f th e ir  first-degree re la tives was similar to 
th e  population  prevalence, a t  th e  sam e age, ind ica ting  th a t  env ironm en ta l effects were not 
im p o rtan t in  causing a  ra ised  fam ilial frequency  o f th e  disease, or in  b iasing the  estimates of 
heritab ility . A detailed analysis b y  sex an d  age-class for sibs gave a genetic  correlation in liability 
betw een sexes of 1-0 + 0-06, an d  a significant tre n d  in  h e ritab ility  w ith  age, the heritably 
estim ates declining as cu rren t age of th e  p a tie n t increased. Changes w ith  age in  both the mean 
liability  and  in  th e  non-genetie variance in  liab ility  w ould be req u ired  to  account for this trend.
The estim ates of heritab ility  from  different groups of re la tives were qu ite  variab le  and are difficult 
to  account for. F rom  sibs an d  p a ren ts , th e  classes w ith  m ost affected relatives, th e  estimates«#
0-56 + 0-03 and  0-43 + 0-06 respectively . Flowever, from  children an d  from  th e  second-degttt 
relatives th e  h eritab ility  estim ates were lower, from  0-19 to  0-38, while from  cousins the estimate 
o f h eritab ility  was 1-02 + 0-14 -  anom alously high. Several reasons to  accoun t for the wide range 
o f heritab ility  estim ates ob ta ined  are discussed an d  investiga ted , b u t  no satisfactory  ex; 
was obtained. The effects of several o ther sources of b ias on th e  h e ritab ility  estim ates are 
in  an  A ppendix. D ifferential m o rta lity  am ong diabetics m ay  be an  im p o rta n t source of bias, 
leading to  low estim ates o f th e  tru e  heritab ility , b u t  th e  n a tu re  an d  e x te n t o f excess mortality 
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ability estimate for th e  reduction  in  variance  of liab ility  am ong relatives. I n  th e  genetic analysis 
of onset-age groups in  th e  d iabetes d a ta , th e  reduction  in  variance am ong rela tives m ay  be m ore 
se v e re , especially if  th e  onset-age groups are sm all an d  th e  h e ritab ility  is high. H ow ever, th e  bias 
[o t h e  genetic correlation in  liab ility  betw een  g roups should  be small, since b o th  th e  n u m era to r 
and the denominator o f th e  expression estim ating  th e  genetic correlation will be sim ilarly  biased, 
add so the biases will te n d  to  cancel one ano ther.
The effects of some o th e r sources of bias are  exam ined  here in  general, and  for th e  d iabetes 
analysis in particular. T he n a tu re  an d  e x te n t o f th e  b ias can often  be quickly  appra ised  an d  
e s t im a t e d  from th e  sim ple g raphical rela tionsh ip  betw een  th e  p o pu la tion  frequency  (qP ), th e  
fr e q u e n c y  in relatives (qR ) an d  th e  h e ritab ility  of liab ility  (h2) (Falconer, 1965, fig. 4, or Sm ith , 
1970, fig. 1).
Job-genetic fam ilia l effects
It may be possible to  assess an d  rem ove an y  bias due to  non-genetic fam ilial effects b y  e s tim a t­
ing the frequency qBU in  u n re la ted  fam ily  m em bers such as spouses or adop ted  children. The 
quantity (qR — qRU +  qP ) w ould th e n  be used as th e  frequency in re la tives for th e  heritab ility  
estimation. In  the  d iabetes d a ta , th e  correlations in liab ility  betw een spouses were low, ind icating  
that common environm ental effects, a t  least those acting  a fte r m arriage, were n o t im p o rta n t in  
biasmg the heritab ility  estim ates from  relatives. There were insufficient d a ta  on adop ted  children 
to study the effect of a  com m on env ironm en t during childhood.
hpktion frequency estimates
If the estimate of th e  tru e  pop u la tio n  frequency  is biased low b u t th e  frequency in  re la tives is 
■biased, then the  h e ritab ility  w ill be overestim ated . This can be ascerta ined  read ily  from  th e  
graphs described above. Choosing a value for th e  frequency  in  re la tives (qR ), i t  is appai’e n t th a t  
is the estimate of pop u la tio n  frequency  (qP ) falls th e  corresponding h e ritab ility  estim ate  is 
increased. The reverse holds if  th e  e stim ate  o f popu la tion  frequency is too high.
In the diabetes analysis, th e  a scerta inm en t of cases in  th e  popu la tion  was judged  to  be a t  least 
9 0%  complete. A deficit o f th is  o rder in  p o pu la tion  frequency  does n o t lead  to  a  serious b ias in  
the heritability estim ates. F o r exam ple, choosing a  he ritab ility  of 50 %  an d  a 10 %  u n d erestim a te  
ifthe population frequency, th e  estim ated  he ritab ility  w ould be ab o u t 52 %  if  th e  tru e  popu la tion  
frequency were 0-1 %  an d  ab o u t 54 %  if  th e  tru e  popu la tion  frequency  were ab o u t 1-0 % . T hus 
'ordiabetes, which falls in to  th e  range of th e  exam ple, th e  estim ates of h e ritab ility  m ay  be too  
high by about two to  four percen tage po in ts, due to  th e  incom plete ascerta inm en t of cases in  th e  
population.
A different kind of b ias m ay  ex ist because th e  popu la tion  frequency an d  th e  frequency  in 
relatives were estim ated  by  d ifferent m ethods, an d  m ay  n o t be d irectly  conrparable. H ow ever, 
'k correspondence betw een th e  frequency  in  spouses (obtained from  th e  questionnaire) an d  th e  
population frequency (obtained  b y  listing  all ascerta ined  cases) indicates th a t  a b ias due to  th e  
of ascertainm ent is n o t likely to  be im p o rtan t in  th e  d iabetes analysis.
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If the rate of cum ulative m o rta lity  am ong affected individuals (mA ) is higher th a n  th a t  in  th e  
Population (mP ), th is  will lead  to  an  u n d erestim ate  o f th e  tru e  heritab ility . L e t m  =  (mA — niP )
m easure th e  excess ra te  o f cum ulative m o rta lity . Their th e  ra tio  o f th e  frequency  in relatives ti 
th e  frequency in  th e  popu la tion  is
Table A 1. Estimates o f heritability w ith  excess m ortality  (see text), (A) among all af 
individuals and  (B ) among severely affected cases
T rue he ritab ility
2 9 8  C. S m it h , D . S . F a l c o n e r  a n d  L . J .  P .  D u n c a n
o-20 0-50
T rue  population  Excess ra te  E s tim a te  of he ritab ility
frequency of m orta lity
(%) (m) A B A B A B
0*1 10 0-20 o-i8 0-49 0-46 0-78 0 7 1
50 o-i8 0-17 0-44 0-42 0-70 o-66
90 0-14 0-14 0-35 0-35 0-54 °'5!
1*0 10 0-20 o-i8 0-48 0-42 0-78 O 'il
50 0-17 o-i6 0-42 0-37 o-66 0 '6 i
90 0-13 0-12 0-30 0-29 0-46 0-45
10*0 10 0-19 0-13 0-47 0-37 0-74 ° '5 3
So 0-14 0-12 ° '3 S 0-29 °'S5 0 -45
90 0-08 0-08 0-20 0-19 0-31 0'2)
•and th e  ra tio  is unchanged  b y  excess m o rta lity  am ong diabetics. H ow ever, i t  can be ascertained 
read ily  from  th e  graphs m entioned  above, th a t  a  decrease in  th e  p o p u la tio n  frequency with a 
constan t ra tio  will lead to  a lower estim ate  o f h e ritab ility . So th e  h e rita b ility  will be underesti­
m ated  if  th ere  is excess m o rta lity  am ong affected ind iv iduals. A  guide to  th e  ex ten t of the bias 
is given in  T able A 1 for a range of situa tions. I f  th e  excess ra te  o f cum ulative  mortality (s)is 
less th a n  10% , th e  b ias in  th e  heritabiliby estim ates will be fa irly  sm all, b u t  as m  increases the 
bias becomes m ore serious.
The sam e ra te  of m o rta lity  m ay  n o t app ly  to  all affected ind iv id u a ls . F o r exam ple, severe cases 
are likely to  have a  higher ra te  of m o rta lity  th a n  m ild  cases. This m ay  lead  to  further under­
estim ation of th e  heritab ility . A n upper lim it to  th e  effect o f th is  form  o f m o rta lity  011 the herit­
ab ility  estim ates can be go t by  assum ing th a t  all those  w ho have  died  h a d  a  liability above a 
th resho ld  for m orta lity , while those below th e  th resho ld  for m o rta lity  h av e  survived. Making this 
assum ption  and  using th e  sam e range of situ a tio n s as before, th e  re su lta n t heritab ility  estimate 
were calculated  an d  these are also given in  T able A  1. As expected , th e  biases in  the  heritabifc 
estim ates become larger, especially if  th e  excess m o rta lity  is low  an d  h e ritab ility  is high.
I n  th e  d iabetes analysis i t  w as n o t possible to  separa te  th e  excess m o rta lity  ra te  for diabetic» 
from  th e  effects of tim e tren d s in  frequency  of th e  disease an d  in  detec tio n  rates. However,! 
m axim um  level o f the  excess ra te  o f cum ulative m o rta lity  for d iabetics can be estim ated from tl< 
difference betw een the  observed an d  th e  ‘p o te n tia l’ age-specific prevalence (fig. 11, FalconerM  
1971). The la tte r  was derived b y  accum ulating  th e  cu rren t de tec tion  ra te  a t  each age up to tin 
age concerned. The difference betw een th e  observed an d  p o ten tia l age-specific prevalence wop 
indicate a  m axim um  excess ra te  o f cum ulative m o rta lity  for d iabetics o f ab o u t 30-50 % 
ages 30 to  60 rising to  70-80 %  over age 65. T he tru e  h e ritab ility  estim ates w ould then be under­
estim ated, especially in  th e  la te r age-groups. T hus tak in g  th e  observed p o pu la tion  frequency f® 
d iabetes (0-63 %) an d  an  excess ra te  of cum ulative m o rta lity  of ab o u t 50 % , an  estimated hen-
•cted
ativesto ability of 50 % would rep resen t a  tru e  h e rita b ility  o f ab o u t 61 % . M orta lity  is likely to  be higher 
among oases w ith higher liab ility . E a rly -onse t cases have a  higher liab ility  th a n  la te-onset cases, 
and they are clinically m ore severe. T hey  will also have a  higher cum ulative m o rta lity  th a n  any  
a® since they have h a d  th e  disease longer. The excess m o rta lity  m ay  also be higher in  those w ith  
a large genetic (perm anent) co n trib u tio n  to  liab ility  w hereas a  large env ironm enta l con tribu tion  
le a. nutritional) m ay  be m odified a fte r diagnosis. All these  factors could lead  to  th e  excess 
mortality behig am ong diabetics w ith  h igh  genetic liab ility  ancl th e reb y  th e  tru e  h e ritab ility  
ivould be further u n d erestim ated . I f  th e  difference betw een  th e  observed an d  p o ten tia l age- 
specific prevalences w ere due to  m o rta lity  of severe cases, using th e  sam e figures as in  th e  previous 
section, the true h e ritab ility  w ould be 67 %  in stead  o f es tim ated  value o f 50 %.
These results rep resen t th e  m ax im um  bias in  th e  h e ritab ility  estim ates due to  excess m o rta lity  
among diabetics. I n  p rac tice  th e  biases are  likely  to  be m uch sm aller. H ow ever, i t  w ill n o t be 
possible to assess th e ir  e x te n t u n til  th e  n a tu re  an d  ex ten t o f th e  excess m o rta lity  am ong diabetics 
is resolved.
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Correlation in Liability Among Relatives and Concordance
in Twins
Further Results
C. S m ith
University Department of Human Genetics, Western General Hospital, Edinburgh
Abstract. The expected frequency among relatives of ascertained 
individuals for a threshold trait with multifactorial inheritance is presen­
ted for the upper range of population frequency. Expected values of 






In an earlier paper [S m ith , 1970] the expected frequency of a disease 
among relatives of affected individuals was derived for threshold traits with 
multifactorial inheritance. In response to numerous requests, the results are 
extended here to cover the upper range of population frequency. The results 
for alternative measures of concordance in twins are also considered.
Frequency among Relatives
Using the same model and methods as previously [S m ith , 1970] the 
expected frequency of a trait in relatives of individuals with the trait was 
derived for the upper range of population frequency. The results are presented 
graphically in figure 1. The frequency in relatives for traits with a population 
frequency (P) of more than 50% cannot be derived from the corresponding 
results for (1—P) and so are also presented. The results in figure 1 can also be 
derived by numerically integrating over phenotypic rather than genetic 
classes of individuals with the trait; taking into account the frequency of the 
phenotypic class, the expected genetic value of relatives and their residual 
variance about this mean.
The orig inal fo rm u la  o f  F a l c o n e r  [1965] fo r  e stim atin g  th e  frequency  o f  
a trait in relatives can  p ro v id e  a  g o o d  ap p ro x im a tio n  to  th e  resu lts  in  figure 1,
9 8  S m it h
Fig. 1. The correlation (r) in liability between relatives, given the population fre­
quency, and the frequency in relatives of individuals with the trait.
if it is modified to take into account the reduced variance in relatives of 
individuals with the trait [ M e n d e l l  and E l s t o n ,  1971; R e i c h  et al., 1972], 
The approximation is :
_  x~xr ]/ ( l - r2a(a-x)) 
a
where r is the correlation between relatives, a and x refer to the mean deviate 
and threshold value for individuals with the trait, and xf refers to the differ­
ence between the threshold and the mean liability for relatives. This approx­
imation is accurate over a wide range of situations, to within 1 % of the 
expected values in figure 1.
Two further developments of the multifactorial model have been the 
estimation of recurrence risks [ S m i t h , 1971a; C u r n o w ,  1972], and the use  
of bivariate and multivariate normal distributions with maximum likelihood 
in analysis and resolution of genetic disease [ M e n d e l l  and E l s t o n , 1971; 
R e i c h  et al., 1972; T h o m p s o n ,  1972],
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Twin Concordance
The twin concordance rate given by S m i t h  [1970] is the so-called proband 
concordance  rate ( A l l e n  et al., 1967]. Other measures are also used in the 
literature, depending on the mode and level of ascertainment, so it may be 
useful to show when these may be appropriate and to relate them to one 
another.
Consider all twin pairs in a population with individuals classified as 1 if 
they have the tra it and 0 if they do not. Let Pu , P10, P01 and P00 represent the 
proportions of the four types of pairs, namely 11, 10, 01 and 00. The popu­
lation frequency P  is the equal to Pn  + Pro P n  + Por-
If ascertainment is through the trait, twin pairs o f type 00 will not be 
ascertained and pairs of type 11 may have a higher probability of ascertain­
ment than types 10 and 01. This bias in ascertainment can be avoided if the 
individual rather than the twin pair is considered the unit o f ascertainment 
and the twin pair is counted once for each member individually ascertained. 
This is the proband concordance rate (Pp) and is given by
2 n  Pu /(2 7i Pn  +  7i P10 +  n  P01)
which does not depend on the ascertainment probability (n ). Pp is identical 
to the segregation probability [ M o r t o n ,  1969] for twins.
Another measure of concordance often used is the proportion of concor­
dant sets among ascertained twin pairs, called the pairwise concordance rate 
(Pw). The probability of ascertainment is tx. for 10 and 01 pairs, but is 
(1—(1—jt)2) for 11 pairs so Pw  is:
P u a - O - ^ M P n O - O - ^ ) 2)  +  ^ ( P i o + P o i ) )
and depends on the ascertainment probability. If  all twins with the trait 
are ascertained (pi =  1), Pw  reduces to Pp/(2—Pp), so the different expres­
sions for concordance can be derived from one another and from figure 1.
If the ascertainment is not associated with the trait being studied, all 
types of twin pairs have an equal chance of being included in analyses and 
there is no ascertainment bias. The proband (Pp) and pairwise (Pw ) con­
cordance rates then apply as before. Another possible measure of concor­
dance is the proportion of 11 and 00 concordant pairs (PT), namely Pu  + P00 
which equals 1-2P(1-Pp). This will be called the total concordance rate and 
may be used when the frequency of the trait in the population is inter­
mediate.
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These various measures of concordance will usually be adequate for 
summarising observed data on twins in hum an genetics. M ore exhaustive 
and efficient methods for estimation of the basic parameters are, of course, 
available [T allis , 1962].
Interpretation o f  Concordance Rates
Interpretation of the observed twin concordance rate for a trait directly 
into genetic terms is usually not possible, unless inheritance is fairly strictly 
Mendelian so that monozygous (MZ) concordance rates close to 100% are 
obtained. Even when combined with information on other relatives, concor­
dance rates are unlikely to be diagnostic in determining the mode of in­
heritance of a particular trait [S m ith , 1971b]. If  multifactorial inheritance is 
assumed, the relation of the concordance rate to the underlying correlation 
in liability between twins is useful since the correlation, unlike the concor­
dance rate, does not depend on the frequency of the trait in the population. 
Further interpretation of the correlation into the heritability of liability 
depends on several factors, such as the absence or allowance for environ­
mental effects common to members of a twin pair and as the absence of sub­
stantial non-additive genetic variation.
An ‘index of heritability’ proposed by H o l z i n g e r  [1929], from concor­
dance in monozygous and dizygous twins, has been widely used in human 
genetics. However, the genetic interpretation of this index is unclear, and its 
value depends on the population frequency for the trait. For these reasons, it 
is not a satisfactory index of heritability and its use should be discontinued 
[ C a v a l l i - S f o r z a  and B o d m er, 1971],
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A statistical and genetical study of diabetes
III. Em piric r isks to relatives
B y  J . M. D A R LO W , C H A R LES SM ITH
University D epartment o f H um a n  Genetics, Western General H ospital, Edinburgh
a n d  L. J .  P . DUNCAN 
Diabetic Department, Royal In firm ary, Edinburgh
The previous papers in  th is  series d ea lt w ith  th e  prevalence and  m orb id ity  o f d iabetes in  th e  
population and w ith  th e  e stim ation  of th e  h e ritab ility  of liab ility  assum ing m ultifac to ria l 
inheritance. The sam e sets of d a ta  a re  used here to  estim ate  em piric risks for re la tives of 
diabetics -  th a t is, th e  observed frequency  o f diabetes in  re la tives of diabetics. There are  m any  
complications in  th e  analysis arising chiefly from  th e  variab le  age a t  onset of th e  disease, d if­
ferential m ortality o f diabetics, changes in  detection  ra te s  over tim e  an d  lim its on th e  p a r t i­
tioning possible w ith  th e  d a ta . V arious m ethods of estim ating  th e  em piric risks are exam ined 
and the risks derived from  th em  are  p resen ted  an d  com pared.
M A TER IA L A ND M ETHODS
M eria l
The data used in  th e  analysis are  described in  detail in  th e  second paper o f th e  series (Sm ith, 
falconer & D uncan, 1972). B riefly  th e y  consist o f in form ation  on 25,635 rela tives o f 1367 living 
diabetics (referred to  th ro u g h o u t as th e  p a tien ts  or probands), ob tained  th ro u g h  an  in terv iew  
questionnaire of p a tien ts  a tten d in g  a  d iabetic  clinic. D a ta  were available on th e  sex, cu rren t age 
and onset age of p a tie n ts  an d  on sex, relationsh ip , cu rren t age (or age and  y ear of death) o f th e  
relatives and on onset age i f  th e  re la tiv e  w as affected. O nset age was tak en  as th e  age a t  clinical 
diagnosis of diabetes.
F triable age of onset
For diseases w ith  v ariab le  age a t  onset estim ation  of em piric risks from  a set of d a ta  is m uch 
more complex th a n  for conditions m an ifest a t  b ir th  or early  in  life. The age a t  onset of th e  p ro ­
tect and of affected re la tives m u st be tak en  in to  account an d  th e  risks of m anifesting  th e  
is e a s e  by successive ages, as well as th e  to ta l  risk, will usually  be required. I n  add ition , th e  
family history of th e  disease m ay  increase w ith  tim e, so th a t  em piric risks calculated  from  
data with the cu rren t fam ily  h is to ry  -will te n d  to  underestim ate  th e  ac tua l risk. These tw o 
F o b l e m s  arising from  v ariab le  onset age are considered first.
M curve
F o r conditions w ith  v ariab le  age a t  onset, th e  risk  of ever m anifesting th e  condition increases 
rith length of life an d  will tak e  th e  form  show n in  Eig. 1. This represen ts th e  p roportion  of 
ttlividuals in th e  po pu la tion  affected b y  a  specified age an d  so th e  risk  curve will be an  increasing 
function with age. T he risk  curve will p la teau  (do tted  line) only if  no fu rth e r cases m anifest 
teera certain age. I f  an  ind iv idua l is n o t y e t born, th e  risk  R  of becom ing affected by  a  certa in
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A ge
Fig. 1 . G raph showing how th e  risk  o f ever being affected increases w ith  len g th  of life if  individuals 
m ay  succum b to  th e  disease a t  any  age (1) b u t w ill p la teau  (2) if  no  indiv iduals succumb to the 
disease a fter a given age.
age can be read  d irectly  from  th e  g raph . B u t i f  th e  ind iv idual is a  ce rta in  age e q  and is  still 
unaffected, his risk  of y e t becom ing affected b y  age a% is conditional on being unaffected at 
age ax and  is given b y
(lf2 —1?1)/(1 — B f),
where B % and  B x are th e  unconditional risks a t  ages ax an d  a 2 respectively .
Change in  fa m ily  history
E m piric risks for a specified fam ily h is to ry  can be o b ta ined  from  collected d a ta . These m easure 
th e  observed proportion  of re la tives affected a t  each age for a  fam ily  h is to ry  corresponding to 
th a t  o f an  ind iv idual at the time of estim ating  th e  risk . H ow ever, th e  fam ily  h isto ry  may change 
w ith  tim e if  o ther re la tives becom e affected an d  th e n  th e  in d iv id u a l’s ac tu a l risk  would be higher 
th a n  th a t  estim ated  from  th e  d a ta . F o r exam ple, a  child  a t  b ir th  m ay  have only a father 
affected. The risk  a t  each age could th e n  be calcu la ted  as th e  p rop o rtio n  o f individuals with an 
affected fa th e r who were affected a t  each age. B u t th is  w ould exclude individuals who at birth 
hacl only a fa ther affected b u t who subsequently  h ad  o ther re la tives becom e affected ; the risk 
for th is excluded category w ould be higher th a n  for th e  o thers. T hus th e  risks calculated for a 
specified fam ily h isto ry  m ay be too  low. H ow ever, th e y  provide a  lower bound  for the risk esti­
m ate. They will be called th e  8  risk  estim ates since th e y  refer to  specified fam ily histories. In 
some families th e  fam ily  h isto ry  m ay  decrease w ith  age as fu rth e r  m em bers are born, but the 
average risk  of all fam ilies will increase w ith  tim e due to  th e  increase in  prevalence with a g e .
A n upper bound  for th e  risk  estim ate  can sim ilarly  be ob ta in ed  b y  including families with 
at least th e  specified fam ily  h isto ry  a t  each age. These will be called th e  A  risk  estimates sin« 
th ey  refer to  all families w ith  th e  specified fam ily  h is to ry  or worse. T he ac tu a l risk will lie be­
tw een these tw o extrem es, its  position  depending on th e  leng th  of th e  period  between the age 
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Table 1. Form o f tables used in  calculating empiric risks to relatives o f diabetic patients  
[the probands) with current age-group (i) and onset age-group (j )
P r o p o r t i o n
a f f e c t e d
C u i - r e n t  a g e - g r o u p  (h )  o f  r e l a t i v e s  d u r i n g
' *» each onset
i 2 3 4 s age group
Total in age-group (1c) n 2 N z N t N-a —
Average age «i a2 a3 fit, «.-> —
Onset age-group (I) of i «il ®12 ai3 “ii «15 9i*
affected relatives 2 — ^22 ®23 «24 «25 ?2
3 — --- a33 «34 «35 7s
4 --- --- •-- «44 «45 <?4
Total affected ¿ i -4 2 A 3 A-i —
Proportion affected Pi P 2 p 3 Pi p 5 —
t F i i N k , w h e r e  i / q  i s  a  m u l t i p l i c a t i o n  f a c t o r  t o  a d j u s t  t h e  n u m b e r s  i n  t h e  d i a g o n a l  
Di 1+1 )/
*  (see t e x t ) .
Inhibitions
The basic form o f th e  tab u la tio n s  m ade in  th e  analyses is given in  Table 1. F o r affected in- 
Mdnals with curren t age-group (i ) an d  onset age-group (j ),  re la tives can be allocated  b y  cu r­
at age-group (k) an d  i f  affected, b y  onset age-group (I). This tab le  for re la tives corresponds 
My to Fig. 3 in  F alconer, D u n can  & S m ith  (1971) for analysis of th e  age d istribu tion  of living 
tabetics in the population . T he reader is referred  to  th a t  paper for a full descrip tion of th e  
lie and its im plications. T he derivation  an d  com position of th e  various estim ates of p re v a ­
i l «  in relatives will be discussed below.
Mitioning
Although the d a ta  on re la tives appears extensive, th e  am oun t of p artition ing  possible is qu ite  
fitricted, otherwise th e re  w ould  be m an y  em p ty  cells in  th e  tab les or cells w ith  sm all num bers 
M  would give rise to  unreliab le  risk  estim ates. T hus in  th e  tabu la tions th e  d a ta  were pooled 
tereyer possible. R ela tives w ith  th e  sam e degree o f relationship  were com bined, sexes were 
[»led and the cu rren t age (i) of th e  p ro b an d  w as ignored. The num ber of age-groups for classes j ,  
-land Z (in Table 1) m u st also be re stric ted . As in  th e  previous paper, four age-groupings (0-24, 
45-64 and 65-84) w ere chosen an d  these correspond to  num bers 1, 2, 3 an d  4 in  T able 1. 
yS-group 5 in  T able 1 contains re la tives whose cu rren t age was 85 or over.
As discussed in  th e  first p ap e r (Falconer et al. 1971), th e  diagonal cells in  Table 1 will u n d e r­
ra te  the p roportion  of ind iv iduals becom ing affected during th e  age-group. This is because 
»dividuals may y e t becom e affected before th e y  pass o u t of th e  cell. I t  is possible to  ad ju s t for 
® deficiency by  estim ating  th e  p rop o rtio n  (f) o f th e  possible d u ra tio n  in  th e  cell th a t  indivi- 
■lshave already a tta in ed . T his is sim ply th e  average num ber of years so fa r spen t in  th e  cell 
’Wed by the to ta l range in  th e  age-group. M ultiplying th e  num bers in  th e  diagonal cells by  
’I1) will thus ad ju s t for th e  deficiency. F o r exam ple, if  th e  average age is a t  th e  m id-po in t o f 
Mell, the m ultip lication  fac to r will be 2. In  the  first paper th is  fac to r was found  to  be too 
W, because i t  referred  to  1-year age-groups an d  ascerta inm ent was n o t in stan taneous b u t
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spread over 1 year. This bias should  be u n im p o rta n t in  th e  large age-groups used here but th 
in troduce ano ther bias. The chance of becom ing d iabetic  increases w ith  age an d  a larger numb, 
of individuals will become affected in  th e  second h a lf  o f a cell th a n  in  th e  first half. Thus despit 
ad ju stm en t for the  average age a tta in e d  in  th e  cell, th e  n um ber of ind iv iduals becoming affect;; 
during an  age-group m ay still be u n d erestim ated .
Cumulation
Ind iv iduals m ay  be counted  in  m ore th a n  one cell o f th e  tab les. T his w ill be called cumulate 
and  i t  serves to  increase th e  num bers in  th e  early  age cells of th e  tab les. T h a t is, an individad 
can be counted in  all age-groups u p  to  an d  including his cu rren t age, an d  his diabetic status at 
each age can also be tak en  in to  account. H ow ever, a lthough  cum ula tion  g reatly  increases 4 
num bers, especially in  th e  early  age-groups, th e  com posite n a tu re  o f th e  figures makes fa, 
h a rd  to  in te rp re t an d  th e y  are  affected b y  tren d s  in  de tec tion  ra te , differential mortality oi 
diabetics and  o ther factors. T hus cum ulation  w as n o t used  in  th e  m ain  analyses, but oulv 




In  th e  first paper of th e  series (Falconer et al. 1971) i t  w as show n th a t  th e  frequency of liviin 
diabetics in  an y  onset-age class decreased w ith  increasing cu rren t age. This w as called frequency 
reduction. The ac tu a l prevalence of living d iabetics w as show n to  be su b stan tia lly  less than tie 
estim ated  po ten tia l prevalence, th e  expected  p revalence i f  th e re  w as no frequency reduction 
The causes of frequency reduction  were th o u g h t to  be differential m o rta lity  of diabetics, chang­
ing detection  ra te s  or changes in  th e  frequency  of th e  disease w ith  tim e. However, since only 
living diabetics were ascerta ined , i t  w as n o t possible to  m easure th e  re la tive  importance of 
each effect. F requency  reduc tion  will also affect th e  observed frequencies for relatives and J  
resu lt in  underestim ates in  em piric risks derived from  them . M uch o f th e  w ork in  this analysis 
was to  derive em piric risks w hich w ould m inim ize th e  effects o f frequency  reduction.
Differential mortality
A t in terview  p a tien ts  were questioned ab o u t th e ir  re la tives in  a  system atic  w ay and informa­
tion  on b o th  living an d  dead  re la tives w as recorded. F ro m  th e  difference in  f r e q u e n c y  beta  
living and  dead diabetics i t  is possible to  estim ate  th e  d ifferential m o rta lity  due to  diabetes. The 
logic for th is  estim ation  is given in  F alconer et al. (1971) (pp. 362-3) an d  is summarized £ 
follows. The frequency o f d iabetes in  a g iven onset-age/curren t-age cell a fte r a duration i  yes 
of disease in  th e  cell can be w ritten  as
Id =  Qo1cd>
where qn is the  frequency of all d iabetics in  th e  cell an d  k  is th e  ra te  o f surv ival of diabetes ova 
a 1-year period re lative to  all ind iv iduals in  th e  sam e cell. B ecause o f age-grouping, each celt 
the  derived tables contains ind iv iduals w ith  a  range o f cu rren t age an d  a range of onset ages ft- 
those who are affected. The m ean d u ra tio n  d of life of all d iabetics while in  th e  cell can thush 
estim ated. T hen qa is estim ated  as th e  frequency  of living d iabetics am ong living relatives 
<7o by  bhe frequency of all d iabetics am ong all re la tives in  th e  p a rticu la r  cell. Because the con- 
parisons are m ade w ith in  cells an d  involve th e  sam e se t o f ind iv iduals th e  estim ates of cliffeR1* 
tia l m orta lity  are  largely independen t of d e tec tion -ra te  changes an d  of trends in dis®-
to q u e






































T able 2. Estim ates o f empiric risks
U SIN G  C U R R E N T  A G E O F R E L A T IV E S  
Estimate L iving relatives
1 P rop ortion  a f f e c t e d  in  e a c h  c u r r e n t  a g e -g r o u p , in t e r p o la t e d  o r  e x t r a p o la t e d  t o  t h e  t o p  a g e  o f
the age-group.
2 P ro p o rtio n  a f f e c t e d  in  e a c h  c u r r e n t  a g e -g r o u p ,  a d j u s t in g  t h e  n u m b e r s  in  t h e  d ia g o n a l  c e l l s  o f
Table i for average a tta in e d  age.
, Multiplication of (i) by  th e  ra tio  of p o ten tia l to  ac tu a l prevalence from  Falconer et at. (1971).
All rela tives (dead relatives — d ea th  a t  age m  years, n  years ago)
4 As for (1) b u t tak in g  cu rren t age of dead  relatives as (m + n ).
5 As for (1) b u t tak in g  cu rren t age of dead  relatives as (m).
6 As for (5) b u t including dead  re la tives only if  {m + n) is less th a n  th e  to p  age of th e  age-group.
U SIN G  O N SET A GE O F R E L A T IV E S 
L iving relatives
7 Proportion affected in  d iagonal cells o f T able 1, ad ju s ted  to  the  top  age of th e  cell an d
summing over onset age-grouE3s.
All relatives
S As for (7) b u t including dead  relatives if  {m + n) is less th a n  th e  to p  of the  cell.
5 As for (8) b u t including also th e  non-diagonal cells for each onset age-group and  sum m ing
over onset age-groups.
frequency. The variance of th e  e stim ate  o f k, th e  an n u a l differential m o rta lity  o f d iabetics, is
*iven by
A3 /  1 1 \
F/i ~  d * \A d+ A }
irliere Ad and A 0 are th e  num ber of living an d  th e  num ber of all d iabetics respectively  in  th e  cell.
Uimtors of empiric risks
Because of variab le onset age, frequency  redu c tio n  an d  differential m orta lity , sim ple em piric 
risk estimates m ay suffer from  several serious biases an d  deficiencies. The in te rp lay  an d  com ­
plications of the  various fac to rs m ake th e  analyses v e ry  involved an d  difficult to  describe. The 
sbject of the nex t section  is to  consider in  tu rn  a series of different em piric risk  estim ato rs show ­
ing liow they are derived, w h a t th e ir  deficiencies are  an d  how  th e y  a tte m p t to  rem ove th e  biases 
of other estimates. T hey  are  sum m arized  in  T able 2. In  th e  first section th e  estim ates are derived 
independently for each c u rren t age-group, while in  th e  second section th e  estim ates depend  on 
inset age-groups an d  include th e  sum  o f th e  estim ates for previous onset age-groups. N ote  th a t  
only living diabetics w ere ascerta ined . I f  those w ho died  were th e  m ore severe cases w ith  m ore 
datives affected, th e  em piric risks will be underestim ated . Since probands w ere independently  
ascertained, the  effects of variab le  fam ily  size can be ignored, except w hen th e  risks in  fam ilies 
rithtwo or more affected persons are considered. A  com plication in  th e  analysis was th e  fac t 
4atin about 10 % o f cases, th e  onset age of th e  diabetic  re la tive was n o t given. To include these 
ritlie analysis, th e y  w ere allocated  to  app rop ria te  onset age-groups in  p roportion  to  th e  num - 
hrs with known onset age.
I •.
age-groups; living relatives 
The simplest estim ates o f em piric risks in  re la tives are given by  th e  frequency of d iabetes in  
%  relatives. These estim ates w ill underestim ate  th e  tru e  em piric risks only i f  th e re  is
differential m orta lity  of diabetics, because all living ind iv iduals will be exposed to the current 
detection ra te  an d  cu rren t disease level in  th e  pop u la tio n  (it is assum ed th a t  these are not 
decreasing). E stim ates of prevalence in  living re la tives can be derived  sim ply by calculati» 
the  p roportion  affected in  each cu rren t age-group; th a t  is, Pk =  A ,JN k in  Table 1. This is tie 
frequency a t  th e  average age of th e  group. To com pare th e  vai’ious risk  estim ates with one 
another, the  risks will all be expressed a t  th e  age for th e  u p p er b o u n d a ry  o f th e  age-group, Tli 
was found for th e  p resen t case sim ply by  draw ing th e  risk  curve an d  in te rpo la ting  or extrapola- 
ting  to  th e  to p  age of th e  age-group.
Since new cases can only fall in  th e  diagonal cells of T able  1 an  a lte rn a tiv e  to  interpolating ® 
ex trapo lating  to  th e  to p  of th e  group is to  a d ju s t th e  num bers in  th e  diagonal cells for attained 
age, as a lready  described. These can th e n  be added  to  th e  num bers in  th e  o th e r cells of a column 
to ob tain  an  estim ate  (2) o f th e  em piric risk  a t  th e  u p p er age o f th e  age-group. This may lead 
to  overestim ates of th e  em piric risk  i f  de tec tion  ra te s  have  increased recen tly  since cases wliieli 
were undetec ted  previously  now  all fall in to  th e  d iagonal cells.
I t  is possible to  ad ju s t for frequency  redu c tio n  in  liv ing re la tives b y  using th e  ratio of tie 
estim ated  po ten tia l popu la tion  prevalence to  th e  observed p o p u la tio n  prevalence of diabetes, 
as given in  Eig. 2 (Falconer et al. 1971, fig. 11). The estim ate  (1) can th u s  be multiplied by tils 
ratio , for th e  app rop ria te  age-group, to  provide an  estim ate  (3) w hich gives an  indirect estimate 
of th e  p o ten tia l prevalence in  re la tives of diabetics.
Current age-groups -  all relatives
I f  there  is differential m o rta lity  of d iabetics, th e n  dead  re la tives should  also be included i  
estim ation of em piric risks in  relatives. H ow ever, th e ir  inclusion in troduces o ther complications 
in  th e  analysis. Suppose a re la tive  d ied  a t  age m  some n  years ago. T here  are  several ways this 
inform ation could be used an d  each will give a som ew hat d ifferent estim ate  of the  empiric risk 
in  relatives. The curren t age o f a dead  re la tiv e  could be ta k e n  as (m + n), th e  age he would be if 
he had  lived. The estim ate  (4) derived  in  th is  w ay  wall give an  u n d erestim ate  of current empiric 
risks, since relatives who are dead  are n o t exposed to  cu rren t de tec tion  ra te s  and  disease levels, 
and  some wdio were unaffected  a t  d ea th  m igh t h av e  been affected if  th e y  were alive today. 
A nother estim ator (5) can be derived  b y  considering age a t  d ea th  as th e  curren t age, that is 
p u ttin g  n  equal to  zero. I f  th e re  is differential m o rta lity  o f diabetics, affected relatives ml 
ten d  to  die in  lower age-groups th a n  norm al re la tives, so th e  em piric risks a t  the  lower ages 
would be overestim ated. A th ird  a lte rn a tiv e  is to  include only  those dead  relatives who ivould 
still be in  th e  sam e age-group i f  th e y  were alive to d ay , so th a t  (m  +  n) is less th an  the upper 
boundary  for th e  age-group. This estim ate  (6) will provide b e tte r  estim ates o f frequency in tic 
diagonal cells o f T able 1 b u t wall u n d erestim ate  th e  frequency  in  th e  off-diagonal cells sin« 
dead individuals cannot pass to  o ther cells while living re la tives can.
Onset age-groups
Falconer et al. (1971) used  d a ta  on onset-age/curren t-age groups in  th e  poopulation to estimate 
th e  p o ten tia l prevalence of diabetes, th e  estim ated  prevalence if  th ere  wras no frequency reduc­
tion. The sam e m ethods cannot be used here to  e stim ate  p o ten tia l em piric risks because of tic 
sm all num ber of affected re latives available. Howrever, o ther estim ates of th e  potential empiric 
risks in  relatives can be derived. These depend  on th e  sum m ation  of frequencies in  relatives over 
onset age-groups.
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Table 3. Estim ates o f differential annual m ortality (per 1000) o f diabetics 
(with standard errors in  parentheses)
C urren t age
Onset r •*-----------------------------------
age 0 -24 25-44 45-64 65-84 844-
0-24 18 (3 7 ) 8 (o-8) 70 (41-2) — --
25-44 — 5 (i*7) 3 1  (o-6) 53 (5'3) --
45-64 — -- 33 ( ° ‘9) 5 1  (o'8) 197 (38*2)
65-84 — -- -- 42 (3'3) 8 1 (61-9)
T he simplest po ten tia l em piric risk  estim ate  is from  living relatives. F o r exam ple, e stim ate  (7) 
uses the proportion affected in  th e  diagonal cells o f T able 1, ad ju s ted  for a tta in e d  age to  th e  to p  
¡¡[the cell, and sum m ed over age-groups. As before, th is  estim ate  w ill be biased i f  th e re  is dif- 
ferential m ortality o f diabetics. T he bias can be e lim inated  b y  including dead  re la tives only  if  
(key would still be in  th e  sam e cell o f th e  tab le  if  th e y  were alive to d a y  (i.e. a t  tim e  of survey, 
1968); that is, if  (m + n) w ere less th a n  th e  to p  age o f th e  cell. This estim ate  (8) uses only th e  
agonal cells of Table 1. A n o th er estim ate  (9) calcu lated  as (8) b u t  using all th e  cells o f th e  
able can also be derived. T hough th is  reduces th e  sam pling errors o f th e  estim ates b y  including 
more relatives, i t  re in troduces som e o f th e  biases due to  frequency reduction .
All of these estim ates are  liable to  som e deficiencies or draw backs an d  i t  is un likely  th a t  a 
Bipletely unbiased estim ate  of th e  em piric risks could ever be derived  w ith  so m an y  com- 
plcating factors. A m ong th e  various estim ates described (and undescribed), estim ate  (8) is 
considered to be th e  one m ost free from  th e  various biases considered. I t s  d isadvan tage  lies in  
that it uses only a p ro p o rtio n  o f th e  re la tives recorded  so th e  sam pling errors w ill be larger th a n  
fcsome of the o ther estim ates, a n d  these  will accum ulate  w ith  th e  sum m ation  over onset ages, 
lie one bias th a t  e stim ate  (8) m ay  suffer from  is th ro u g h  recen t increases in  de tec tion  ra te , 
’liich mil give a tem p o ra ry  excess of d iabetics in  th e  diagonal cells. I n  general, th e  estim ates (8) 
¡reconsidered to  prov ide th e  b es t estim ates of th e  em piric risks in  re la tives an d  correspond 
nost closely w ith th e  pop u la tio n  p o ten tia l prevalence o f F alconer et at. (1971).
?w or more affected relatives
Estimating em piric risks w hen  tw o or m ore re la tives are  affected in troduces fu rth e r com pil­
ations in analysis. T he n u m b er of useful fam ilies w as reduced  to  40 % o f th e  original set, so 
»ambers were m ore restric ted . P a r ti t io n  of th e  d a ta  in to  four groups for each affected ind iv idual 
no longer feasible an d  onset g roups 0-44 an d  45-84 were chosen. The re lationsh ip  of each 
relative to the p ro b an d  w as know n b u t  th e  relationsh ips inter se w ould be difficult to  deduce, 
lo avoid this com plication, th e  em piric risks w ith  tw o or m ore affected re la tives were therefore 
■y estimated for sibs o f p robands. F in a lly  to  increase th e  num bers in  th e  tab le , re la tives were 
included in more th a n  one cell w here possible, as explained in  th e  section on cum ulation .
RESULTS
Before giving th e  resu lts  on em piric risks, th e  analysis o f differential m o rta lity  in  diabetics is 




A t  
ifet 
it f o r  
rill I
Fig. 2 . C ontribution  of differential m o rta lity  o f d iabetics to  th e  difference betw een the 
p o ten tia l an d  th e  ac tu a l popu la tion  prevalence.
Differential mortality
E stim ates of th e  differential ra te s  o f m o rta lity  am ong d iabetics are  g iven in  Table 3, for tk 
various current-age/onset-age groups. T he estim ates show th a t  th e  an n u a l differential mortal; 
tends to  increase b o th  w ith  onset age an d  w ith  th e  d u ra tio n  o f th e  disease, rising from 1-2' 
per year for groups un d er 40 years to  3-5  %  for groups over 40 years. T he increase with onset agf 
in  differential m o rta lity  o f d iabetic  re la tives agrees w ith  th e  resu lts  estim ated  from tie fre­
quency reduction  am ong d iabetics in  th e  pop u la tio n  (Falconer et al. 1971). Of course, thongi 
la te  onset cases m ay  have a higher ann u a l differential m o rta lity  th a n  early  onset cases, the 
cum ulative differential m o rta lity  o f early  onset d iabetics w ill be m uch  h igher by  a given age 
th a n  for la te  onset diabetics.
K now ing th e  ex ten t o f differential m o rta lity , its  co n trib u tio n  to  th e  difference between it 
estim ated  p o ten tia l frequency  (if th e re  were no frequency  reduction) an d  th e  actual frequence 
can be assessed. T aking th e  p o ten tia l frequency  an d  th e  ra te  o f differential m ortality at eats 
age, th e  frequency expected i f  m o rta lity  alone were involved  can be derived. The results are 
shown in  Eig. 2. I t  appears th a t  only p a r t  o f th e  difference betw een  ac tu a l and  potential p i  
valence is due to  differential m o rta lity . This w as expected  since i t  is well know n th a t there 1# 
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fable i. Comparison o f em piric risks  (estimate 2) in  living first-degree relatives (A ) with at least 
o n e  first-degree relative affected and  (S ) with only one first-degree relative affected








0-24 A 7 - 1 8 - i 7'4 9-1
S 8 -3 8-6 4'4 6 7
25-44 A ( i ’7 ) t 2-0 8-i 13-3
S ( ° ' 4 ) t 1-3 2'2 12-3
45-64 A 0 ( 0 - 5 ) XO’4 1 6 - 7
S 0 ( 0 - 4 ) 6-4 1 3 - 6
65-84 A — ( 1 - 4 ) 7'3 1 6 - 7
S — (1-1) (5-9 ) i 3'4
* R isks ex trap o la ted  to  age 85. Also Tables 5-7. 
















(hanging fam ily history
At any particular stage  in d iv idua ls a t  r isk  will have  a  specific fam ily  h is to ry  b u t  th is  fam ily  
¡stay may change w ith  tim e. E m piric  risks can be estim ated  for a  specific fam ily  h is to ry  (S ) 
irfor families w ith  a t  least th e  specified fam ily  h is to ry  (At). T he ap p ro p ria te  risk  a t  an y  age 
if depend on the  possible change in  fam ily  h is to ry  -with tim e  an d  will lie betw een th e  S  an d  A  
■pirical estimates. C om parison of these  estim ates is m ost easily  m ade am ong liv ing relatives 
(butincluding dead re la tives in  th e  re lev an t fam ily  h istory). The em piric risks from  estim ate  (2) 
® given in Table 4 fo r first degree relatives. As expected, th e  A  em piric risks a re  generally  
Uglier than the S  em piric risks, th e  m odal value for th e ir  ra tio  being ab o u t 1-3. F o r sh o rt tim e- 
intervals over w hich th e  r isk  estim ates are  given, th e  ap p ro p ria te  em pirical risks w ill be closer 
It S. But for longer tim e-in tervals, an d  possible changes in  fam ily  h istory , th e  ap p ro p ria te  
spirical risks will be in te rm ed ia te  betw een th e  A  a n d  S  estim ates. T he A  tab les con tained  
¡lout 155 times as m an y  ind iv iduals  as th e  S  tab les, so th e  risks to  those w ith  more th a n  th e  
pified family h isto ry  (one first-degree re la tive  affected) can  be e stim ated  an d  w ere found  to  
feabout 1-85 tim es th e  S  estim ates. I n  th e  subsequen t tab les th e  risks will be given for th e  
1 tables only since th e y  con ta in  th e  m ost d a ta  an d  app ly  to  a w ider class of families.
die various estim ators o f em piric risks, listed  in  Table 2, can now  be com pared. T heir d eriva­
tor and possible deficiencies have  a lready  been described an d  th e  la tte r  can be exam ined  in  
practice here. To m ake th e  d ifferent estim ates all d irectly  com parable, th e  risks are given for 
®g affected by  a  certa in  a g e ; 25, 45, 65 or 85 years respectively.
ke simplest risk  estim ates are  those  derived  from  th e  cu rren t age-groups for living relatives, 
«innate (1) was derived  from  these  b y  in te rpo la ting  th e  risk  curve from  th e  average age in  th e  
N 1 to the top age of th e  group, while estim ate  (2) for each age w as derived b y  ad ju stin g  th e  
sinter of diabetics in  th e  diagonal cell for th e  average a tta in e d  age in  th e  cell an d  adding i t  to  
®other cells in  th e  g roup  (Table 1). E s tim a te  (2) ten d ed  to  give th e  higher risk  estim ates 
Table 5). This arises because th ere  are  m ore diabetics in  th e  diagonal cells th a n  w ould be 
EJpected from th e  num bers in  th e  o th e r cells an d  th is  resu lts from  th e  frequency reduc tion  in
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Table 5. V a r i o u s  e s t i m a t e s  o f  e m p i r i c  r i s k s  i n  f i r s t - c l e g r e e  r e l a t i v e s  o f  p r o b a n d s
E m p i r i c  r i s k s  ( % )  b y  a g e :
2 5 45 6 5 85
P o p u l a t i o n  p r e v a l e n c e
0 - 1 8 i - 6 8L i v i n g  d i a b e t i c s 0 - 4 7 I-37
P o t e n t i a l  p r e v a l e n c e * 0 - 2 4 o - 8 6 3 - 8 0 9'20
P r o b a n d  o n s e t E s t i m a t e  f
0 - 2 4 1 4 7 5'2 5'4 7-0
2 7 - 1 8 - i 7'4 9'i
6 5 - i 6 - 2 6 - 7 7-5
8 7 - 6 1 2 - 6 1 7 - 4 25-2
25-44 1 ( i ' 3 ) 2 - 8 6 - 6 1 3 0
2 ( i ' 7 ) 2 - 0 8 - i 13’3
6 2 - 1 4'3 0 - 9 H '7
8 ( i ' 7 ) ( 2 -3 ) 1 0 - 4 i 9’3
45-64 1 — ( 1-4 ) 8 - o 13-0
2 — • (0 ' 5 ) 1 0 - 4 16-7
6 ( i * i ) 2 9 9’5 ! S -4
8 — ( 0 - 3 ) 9'9 20-1
6 5 - 8 4 1 — ( i - 6 ) 6 - o 15-0
2 — ( i ‘4 ) 7 ‘3 l6 -7
6 ( i - 8 ) 2 - 6 6 - o n - 8
8 — ( 1 - 4 ) 8 - i 22 '0
F a l c o n e r  et al.  ( 1 9 7 1 )  ( F i g .  1 1 ) .  
S e e  T a b l e  2 .
the other cells. As there is differential m ortality, these estim ates from living relatives J1 
underestim ate the actual risks to  relatives. To ad just for the frequency reduction, which in­
cludes differential m ortality of diabetics, estim ate (3) was derived from estim ate (1) by multi­
plying the ratio of potential to  actual population prevalence a t  each age. The risk estimate 
derived in this way were all very m uch higher th an  any of the other risk estimates, es; 
a t the higher ages, so estim ate (3) does not seem appropriate.
The next set of estim ators dealt w ith current age-groups for all relatives cited, that is incl 
ing dead relatives. The basic difficulty w ith including dead individuals is th a t  they remain in 
cells in which they  died while living relatives move 011 to  other cells. The risk estimators cat 
consider their current age as (4) th a t  which they  would have had if  th ey  were alive at the tat 
of the survey or as (5) the age a t death, including all dead relatives or (6) can include dead rela­
tives only if they  would still be in  the same cell as th a t  in  which they  died. All the e s t i m a t e s *  
biased, b u t in  different ways as explained earlier. The results for estim ate (6) are given® 
Table 5 and are quite similar to  those from living relatives but, as expected, tend to be high1 
for the low age-groups and lower for the high age-groups.
The final set of estimates was derived by summing the frequencies over onset age-groups,1 
give the potential prevalence in relatives. E stim ate (8) was considered to be most free frond® 
biases previously discussed by  dealing w ith all cited relatives in  the  diagonal cells, adjustedfe 
the average attained age in the cell. The risks derived by  estim ate (8) were usually highertl® 
the risks estim ated from current age-groups and  especially so for the higher ages (Table a).®1 
was confirmed by the results from estim ate (9) which includes all cells in  the tables of relatitfe 
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Table 6. E m p i r i c  r i s k  e s t i m a t e s  (8) i n  f i r s t - d e g r e e ,  
s e c o n d - d e g r e e  a n d  t l i i r d - d e g r e e  r e l a t i v e s  o f  p r o b a n d s
E m p i r i c  r i s k s  ( % )  b y  a g e :
o n s e t r e l a t i v e 25 4 5 6 5 8 5
0 - 2 4 1 7 - 6 1 2 - 6 1 7 - 4 ( 2 5 - 2 )
2 — ( 2 - l ) ( 3 ‘5 ) ( 57 )
3 ( 0 - 5 ) ( I  0 ) ( 3 '6 ) ( 3 -6 )
25-44 1 ( 1 7 ) ( 2 -3 ) 1 0 - 4 I 9-3
2 i * i ( l ’9 ) 5'9 ( 9 - 2 )
3 ( 1 - 3 ) ( 2 -9) 8 - o ( 1 6 - 9 )
45-64 1 — (0 ' 3) 9 - 9 2 0 * 1
2 — o - 8 ( 1 7 ) (4 '8 )
3 — — 2 - 8 9 - 6
6 5 - 8 4 1 — ( 1 - 4 ) 8 - i 2 2 - 0
2 — ( 0 - 5 ) ( 2 - 5 ) ( 1 6 - 4 )
3 — — ( 2 - 8 ) (9 '9 )
¡ge groups were m uch lower th an  the  estim ated potential empiric risks, which sum the risks 
re onset age-groups. In  general, the  estim ates (8) are considered the best estim ates of the 
tmpiric risks in relatives and correspond m ost closely to  the population potential prevalence 
¡■{Falconer e t  a d . (1971).
first-degree r e l a t i v e s
The pattern of the empiric risks for first-degree relatives as given in Table 5 is interesting. 
Early onset probands have a high frequency of early onset relatives. B u t the percentage of 
relatives affected byr ages 65 and 85 are similar for all onset age-groups of probands. Thus the 
fetime empiric risks for first-clegree relatives are the same for families w ith probands of dif- 
ifflnt onset ages. These estim ated potential lifetime risks are about twice the  estim ated popu- 
lion potential risk and more th an  ten  times the observed population prevalence of living
kond- a n d  t h i r d - d e g r e e  r e l a t i v e s
T he pattern of empiric risks in  first-degree relatives is compared w ith those for second- and 
pee relatives in  Table 6. As expected the risks are lower th an  for first-degree relatives, 
c, the potential prevalence in  second- and third-clegree relatives is lower th an  the 
Situated population potential prevalence in  half of the cases. Another anomaly is th a t  thircl- 
%ee relatives (cousins) ten d  to  have a higher frequency of affected th an  do second-degree 
-latives, as already noted in  the heritability  analysis. Finally, the high frequency of early 
relatives in early onset patien ts is no t found in  the second- and third-degree relatives.
Tfo a ffec ted  r e l a t i v e s
The empiric risks to  sibs of probands w ith a t least one other relative affected are given in 
T-Tle i. Despite using only two onset age-groups and cumulation (counting individuals in  more 
one cell where possible), the num bers were ra ther small and the empiric risks are quite 
■ In general, the l’isks are substantially  higher than  for one relative affected.
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Table 7. E m p i r i c  r i s k  e s t i m a t e s  (5) f o r  i n d i v i d u a l s  w i t h  a  s i b  a f f e c t e d  ( t h e  p r o b a n d )  
a n d  a t  l e a s t  o n e  o t h e r  r e l a t i v e  a f f e c t e d
S i b
( p r o b a n d )





O t h e r  r e l a t i v e E m p i r i c  r i s k s  ( % )  b y  a g e :
O n s e t D e g r e e
r
2 5 45 6 5
ì
85
0 - 4 4 i 5 ' i 1 0 - 0 2 4 - 0 * —
2 (o-o) ( 5 - 0 ) 4 - 4 * —
3 (o-o) ( 5 -6 ) i i - i * -
45-84 i ( 1 - 2 ) 3'7 3°-o 45'0*
2 ( i n ) (37) I2-21 —
3 ( o - o ) ( 8 - 8 ) I3-31 -
0 - 4 4 i 2-6 5-0 17-5 i q -6*
2 ( o - o ) (i-5) 9'3 14-3*
3 ( o - o ) (3'2) I2-51 —
45-84 i (0 -3) 4-6 i 6 - o 19-0*
2 ( o - o ) ( 2 - 0 ) 12-5 26-3*
3 ( o - o ) (2 -3) 1 5 - 2 18-0*
*  A t  t h e  a v e r a g e  a g e  o f  c e l l  ( n o t  e x t r a p o l a t e d ) .
Table 8. N u m b e r s  o f  s i b s  o f  p r o b a n d s  w i t h  t w o  o t h e r  f i r s t - d e g r e e  r e l a t i v e s  a f f e c t e d
O n s e t  g r o u p s  
o f  a f f e c t e d  r e l a t i v e s *
( T ,  T o t a l ;  A ,  a f f e c t e d . )
C u r r e n t  a g e - g r o u p
AC














A  T A T
0 9 0  9 i  7 0 I
2 1 0 0  7 0  5 0 0
0 6 9 0  6 6 1 3  53 13 27







*  i ,  O n s e t  0 - 4 4 ;  2 ,  O n s e t  >  4 4 .
W ith three affected relatives the num bers of sibs of probands are even more limited. The 
actual numbers for first-degree relatives are given in  Table 8. Em piric risks are only available 
for older relatives of late onset patients.
D I S C U S S I O N
The initial objects of this analysis were to  derive tables of empiric risks for use in clinical prac­
tice and genetic counselling, and to  compare the empiric risks w ith theoretical risks derived 
from a m ultifactorial model of inheritance of liability to  diabetes. N either objective has 1 
satisfactorily achieved, largely because of difficulties inherent in  the d a ta  which could not 1* 
entirely resolved. Instead emphasis has been on describing different kinds of estim ates of 
empiric risks th a t  m ight be derived and examining their strengths and weaknesses. So« 
estimates of the empiric risks are clearly underestim ates. O ther estim ates, which try to avoi 
or adjust for obvious biases, m ay themselves have subtle deficiencies. Despite the large amotf 
of data available, i t  did no t prove sufficient for all the analysis attem pted. The extent of poss 
partitioning, by  sex, trea tm ent or onset-age class, was quite lim ited because of the low freqw®: 
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Table 9. P r o b a b l e  r a n g e s  o f  e m p i r i c  r i s k s  i n  r e l a t i v e s  
R i s k  ( % )  o f  b e i n g  a f f e c t e d  b y  a g e
Population risk
Affected first-degree re lative 
Onset age
25 45 6 5 8 5
0'2-0*3 o - 5- o -9 i - 8 - 3 - 8 I - 8 - 9 -2
0 - 2 4 5-8 5-13 5-17 7-25
25-44 1-2 2 - 3 6 - 1 0 13-19
45-64 O-2-0-5 o - 5- i -5 8 - 1 0 1 3 - 2 0
6 5 - 8 4 0-2-0-5 i - 5 - 2 - 0 6 - 8 1 5 - 2 2





0 - 4 4 ,  o -44  
o-44. 45-84 
4 5 - 8 4 ,  4 5 - 8 4  
First- and second- (or th ird-) 
degree relative affected
D i v i d e  a b o v e  r i s k s  b y  2
M u l t i p l y  a b o v e  r i s k s  b y  2 - 4  
M u l t i p l y  a b o v e  r i s k s  b y  1 - 5 - 3  
M u l t i p l y  a b o v e  r i s k s  b y  1 - 5 - 2  
M u l t i p l y  a b o v e  r i s k s  b y  1 - 5 - 2
lata were even more lim ited when dealing w ith  families having two or more affected individuals 
ad further restrictions were imposed on the analyses.
Concern over the various empiric risk estim ates has been shown to be more th an  just an  aca- 
ieinic exercise and to  be w orth while in  estim ating the appropriate empiric risks. Thus the best 
stimates of the risks are greater, by  a factor of 1-5-3, than  the simple estim ates of risks derived 
fem living relatives. I t  was shown th a t  the  risks estim ated for a specified family history will 
anally be too low for diseases w ith variable age a t  onset, for more relatives m ay become 
feted with time (Table 4). The risks of becoming affected by  a certain age for individuals 
inzi le a s t the specified fam ily history were about 1-3 times larger th an  for individuals w ith 
tty the specified family history. Estim ation of empiric risks from only living relatives will also 
jive values which are too low (Table 5). This is due to the differential m ortality  of diabetics 
IfflHe 2). Inclusion of dead relatives usually gave higher empiric risk estimates, b u t the dif- 
Sfflt methods of inclusion lead to  estim ates w ith different values and biases. Moreover, inclu- 
® of dead relatives only adjusts for differential m ortality  and not for changes in  detection 
»vs or in disease frequency which are probably also occurring over time. The empiric risk 
stimates that are probably the  least biased are those derived from the diagonal cells of the 
-Wes of onset age by current age in  relatives (Table 1). All individuals in the  diagonal cells are 
vposed to current disease levels and detection rates, and their m ortality can be taken  into 
®oimt. These risk estim ates also tended to  be the highest derived and can be taken as rnaxi- 
J®i risk estimates. They correspond m ost closely to  the estim ates of potential population 
pKvalen.ce of Falconer e t  a t .  (1971).
1 summary of the empiric risk estim ates applicable to  our population is given in  Table 9.
- dower values in  each category are derived directly from living relatives (estimate 1) and are 
‘Wuly underestimates of the  risks to  relatives. The upper values are derived from recently 
aoH°sed cases among relatives (estimate 8). These provide the best estim ates of risk. They 
-K about 1-5-3 times the  lower values which measure the observed empiric risks. The best
1 1 - 2
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F i g .  3 . S u m m a r y  o f  e s t i m a t e d  e m p i r i c  r i s k s  t o  f i r s t - d e g r e e  r e l a t i v e s  o f  p r o b a n d s  
w i t h  o n s e t  (a) u n d e r  25 ,  (& ) o v e r  25 .
estimates are also given graphically in  Fig. 3 in a more simplified form which may be useful to 
practitioners. For prohands w ith onset over 25 the  risks are similar and have been combine! 
The population empiric risk is given for comparison.
Summarizing the results for families w ith  two or more affected individuals is more 
because the small numbers available lead to  ra ther heterogeneous results. Rather than gffi 
figures for the risk a t  each age, overall m ultiplication factors are presented to  summarize the 
increased level of risks in  these families.
There may be m any other factors th a t  affect risks to  relatives and should be considereda 
counselling. For example, obesity in  the  probancl and in  the  relatives m ight be taken 
account (Baird, 1973). Another factor which m ight be considered is the  severity of the diabetes 
in the proband and whether i t  is insulin-dependent. P atien ts whose diabetes is controlled I) 
diet have a lower liability (Smith e t  a l .  1972) and their relatives have a lower risk. LestradeteM- 
(1972) found th a t the relatives of controls had  the same frequency of non-insulin-dependei- 
diabetes as relatives of insulin-dependent patients, b u t the  la tte r had  a m uch higher frequent- 
of insulin-dependent relatives th an  did the controls. They w ent on to  suggest that iusulh- 
dependent and non-insulin-depenclent diabetes m ay represent genetically independent typ 
of the disease.
There are m any studies in the literature on the  prevalence of diabetes in  relatives of diabeh 
b u t few take variable onset age into account and none seem to m ake allowance for differed7-






























m orta lity  in diabetics when assessing risks. Perhaps the largest set of d ata  w ith age of relatives 
■rell i s  the Canadian study of Simpson (1969) on living relatives. The prevalence by age in  
¡ring relatives was somewhat less th an  the corresponding empiric risks (estimate 1) derived 
lere, as shown by the ra ther lower heritability  estim ates Simpson obtained. Steinberg (1955) 
us produced tables for genetic counselling in  diabetes assuming an autosom al mode of in- 
eritance. He gives the calculated proportion of relatives genetically liable to  diabetes for dif- 
(erent family histories. However, of the proportion who are deemed genetically liable, only some 
§40% will actually m anifest the  disease. In  general, w ith this small proportion of liable 
aotypes manifesting, the  lifetime empiric risks estim ated in  this paper are higher th an  the 
asks calculated by Steinberg, except when both  paternal and m aternal relatives are affected. 
There are several studies on the risks to  monozygous (MZ) twins of diabetics and to  children 
(diabetic couples. Simpson (1969) found the risks to children when both  parents were diabetic 
rhree times as high as when only one paren t was affected. Cooke e t  a t .  (1966) found 4-4%  of 
Iklren of diabetic couples were affected b u t estim ated th a t their lifetime risk would be about 
!o%. Similarly, K ahn, Soelclner & Gleason (1969) showed th a t  while 8-8% of children of dia- 
itie couples (aged 50-80) had  overt diabetes, some 40-60 % had chemical diabetes as deter- 
liiied by abnormal glucose-tolerance tests. Thus the lifetime risks of diabetes in  children of 
noetic couples are likely to  be high and in  the range 20-50 %. The studies on MZ twins have 
ism summarized by T attersall & Pyke (1972) along w ith their own results. In  studies where 
f  at onset was taken  in to  account, the  concordance rates were about 50 % for early-onset 
iibetes (< 40), bu t were m uch higher, from 80 to  100%, for late-onset diabetes. Though the 
athods of ascertainment favour concordant pairs, the results indicate high risks to  MZ twins 
•'diabetics. The high MZ concordance rates are no t expected from a m ultifactorial mode of 
feitance with interm edate heritability  estimates, though a higher ra te  in  the late-onset 
amp is expected because of the  higher frequency of late-onset disease. To resolve the high 
»dance rates, comparable rates for dizygous twins and unbiased methods of ascertainm ent 
ilfins will be needed.
a n d  l a t e - o n s e t  f o r m s
One of the conclusions of the previous paper needs revision in  the light of further results from
* present analyses. In  Sm ith e t  a t .  (1972) it  was concluded th a t early-onset and late-onset 
mktes represent different levels of liability to  the same disease ra ther th an  being distinct 
Bases. This was because patien ts w ith  early onset had relatives w ith  late-onset disease in  a 
Ssh higher frequency th an  would be expected if  two distinct diseases were involved. How- 
■®, the analysis dealt only w ith l i v i n g  relatives. There was an  anom aly of low genetic correla­
t o r  late-onset patients w ith  early onset relatives compared w ith  high genetic correlations 
3early-onset patients w ith  late-onset relatives (Table 7, Sm ith e t a l .  1972). I t  was suggested
this anomaly was due largely to  the effects of ‘frequency reduction’ (including differential 
mortality) and to a correlation between the current ages of patients and of their living relatives. 
To test whether the differential m ortality  of diabetics would account for the above anomaly,
* analysis was repeated here using all cited relatives (living and dead). Since dead relatives 
-reincluded, the actual population prevalence of living diabetics was no longer appropriate. 
J‘- dead diabetics probands were no t ascertained, so an appropriate estim ate of the population 
-̂ uency of all (living and dead) diabetics could not be derived. Instead an estim ated popula­
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tion frequency adjusted for differential m ortality, as derived in  the previous section (see B» •; 
was used.
On re-analysis the heritability  estim ates were all somewhat lower th an  the estimates f# 
living relatives, suggesting th a t the population frequency for all diabetics, described above, 
m ay be too high. The pa tte rn  of the genetic correlations is similar to  th a t  in the prevjoe 
analysis and the anomaly between the two halves of the  correlation m atrix  persists. Tims r 
can be concluded th a t the anom aly in  the  correlation m atrix  is n o t due to  differential mortal; 
of early-onset relatives of late-onset patients. To some ex ten t the  higher correlations for early, 
onset patients are to be expected since the frequency of the  early-onset groups of relatives are 
added (in the cumulative model) into the  other onset groups. However, this cumulation cannot 
account for the anomaly either, because the same anom aly exists when treating early-i 
and late-onset diabetes separately (the separate model, Sm ith e t  a l .  1972). Another resulttf 
a single distribution of liability is th a t  the empiric risks should increase to  the top riglit-lnj 
corner of the risk tables. This occurs for the best estim ate, (8) Table 5, b u t not for any of the 
other empiric risk estimates.
In  general, the hypothesis th a t  a single distribution of liability can summarize the obseml 
d ata  on diabetes in  relatives now seems unlikely. Instead  there seem to  be different but over­
lapping distributions of liability for different onset age-groups. Indeed, there are likely to be 
m any underlying genetic and environm ental causes of diabetes, each w ith a characteristic ok! 











Empiric risks of recurrence of diabetes in  relatives of diabetics have been estimated from 
data on 25,635 relatives of 1367 living diabetics.
Several factors can affect estim ates of the  empiric risks and  should be taken into account. 
These include variable age a t onset, differential m ortality  of diabetics, changing detection rates, 
changes in the frequency of the disease and changes in  fam ily history over time. Various« 
estimators are considered and the derived estim ates are compared.
Differential m ortality  of diabetics increased w ith bo th  onset age and duration of the disease, 
rising from 1-2 % per year for groups under 40 years to  3-5 % per year for groups over 40 yes 
of age. Due to  differential m ortality, estim ates of empiric risks from living relatives are toe 
but they are simple to  calculate and provide m inim um  risk figures. Inclusion of dead relatives 
leads to  higher risk estimates, b u t the  m ethod of inclusion affects the risks obtained. The least- 
biased estimates are derived from the frequency of recently diagnosed cases in serial cur®1 
age-groups and the risks estim ated by cum ulating the frequencies over age-grorrps. These® 
regarded as the best available estim ates of risk and are summarized below :
R i s k  ( % )  o f  d i a b e t e s  b y  a g e :
I n  t h e  p o p u l a t i o n :  
O b s e r v e d  
E s t i m a t e d
I n  f i r s t - d e g r e e  r e l a t i v e s :  
P r o b a n d  o n s e t  u n d e r  2 5  
P r o b a n d  o n s e t  o v e r  2 5
25 45 65 85
0-2 °-5 1-7 r+
0-3 0-9 3-8 g-2
8 13 17 25
(1) (2) 9 21
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The risks for second- and third-degree relatives were about half of those for first-degree relatives. 
If there are other affected individuals in  the family, the risks increase further by a factor of 1 ■ 5—4 
times, depending on the  degree of relationship and age of onset of the other affected relative.
The conclusion (Smith e t  a t .  1972) th a t early-onset and late-onset diabetes represent different 
levels of liability to  the same disease, ra ther th an  being distinct diseases, now seems unlikely. 
On re-analysis of the d a ta  including dead relatives, i t  now seems more likely th a t  there are 
different distributions of liability for different onset groups b u t they  show a large degree of 
overlap.
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APPENDIX. AN ADJUSTMENT EOR CHANGING FAMILY HISTORY 
The empiric risks for an  individual w ith a specified family history can be estim ated from 
lata on all families w ith the specified history a t each age. These are called the S  risk estimates, 
ffowever, the individual’s fam ily history m ay change w ith tim e, as other relatives become 
affected; then the risk would be higher th an  given by  the S  estimate. An upper bound for the 
®k estimate can he obtained by including families w ith a t  I e a s t  the specified family history a t 
tack age. These risks are called the A  estimates. The actual risk will lie between the A  and 8  
estimates, its position depending on the length of the period between the age a t  estim ation 
f«l the age to which the estim ate applies. A diagram of the situation is given in Fig. A 1, taking 
(or log. linear) risk  curves for simplicity. Suppose an  individual has a specified family 
ty at age a x , then  the probability  of being affected a t  age a 2 will be S 2 , plus a proportion 
f'the difference ( A 2 - 8 2) .  This proportion will be (a 2 - a 1) j a 2 , which is equal to  (S 2 - S 1) I 8 2 by 
symmetry. A better estim ate of the risk a t a 2 , conditional on being unaffected a t age a v  is then




K g .  A  1. D i a g r a m  o f  r i s k s  e s t i m a t e d  f r o m  f a m i l i e s  w i t h  a  s p e c i f i e d  f a m i l y  h i s t o r y  (jS') a n d  from  
f a m i l i e s  w i t h  at least  t h e  s p e c i f i e d  f a m i l y  h i s t o r y  (A )
which reduces to
I f  the risks increase logarithmically w ith age, then  the  A  and S  term s are replaced by their 
logarithms.
R ather th an  use point estim ates in  the above expression, the regressions bA  and bs  on agf 
may be more reliable. Assuming th a t  these regressions pass through the  origin, if the risk’at 
b irth  is zero, then  the above expression reduces simply to
b j S t - S i
bs  l - S l t  ’
the conditional S  risk estim ate times a constant m ultiplication factor. In  the analyses of tit 
A  and S  tables for pooled first-degree relatives the  b A l b s  m ultipliers were 1-33, 0-99, 1-57 am 
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Computer Program m e to E stim ate Recurrence R isks for 
Multifactorial F a m ilia l D isease
CHARLES S M IT H
Summary
A computer p ro g ra m m e to  e s t im a te  recu rren ce  risks for  
multifactorial gen etic  d isea se  in  affected  fa m ilie s  uses  
parameters on p o p u la tio n  p rev a len ce  an d  on h er ita b ility  
of liability o f  th e co n d itio n  and  d e ta ils  o f  th e  fa m ily  
history. Inform ation  on affected  and  unaffected  re la tiv es  
(first-degree, seco n d -d eg ree , and  th ird -d eg ree ) and  on  
sex  or age effects on p rev a len ce  and  on h er ita b iiity  can  a ll 
he accommodated b y  th e  p ro g ra m m e.
introduction
common familial diseases are no t inherited  in  a simple 
"endelian manner b u t m ay be the result o f m any genetic and 
fl"ironmental factors, so-called m ultifactorial inheritance. T he 
recurrence risks for such diseases are no t the simple M endeljan 
®os and the best available estim ates are th e  em piric risks— 
r® observed frequency o f the disease in  relatives of affected
hd'ersity D e p a r tm e n t  o f  H u m a n  G e n e tic s ,  W e s te rn  G e n e r a l  
«»spiral, E d in b u rg h
'• ARLES S M I T H , B.sc., phd., lecturer
patients. In  practice, however, these risks m ay vary w ith the 
sex, severity, and age of onset in  affected individuals and w ith 
the num ber o f affected m em bers in  th e  fam ily concerned. N ew  
m ethods o f estim ating recurrence risks for m ultifactorial 
conditions have been developed,1 2 and  these can be used in  
genetic counselling to supplem ent em piric risks in  complex 
situations. T he  objects o f this paper are to  describe a com puter 
program m e available for calculating recurrence risks and to 
dem onstrate its use in  genetic counselling problem s.
Scop e
A wide range of possible situations can be covered by the 
program m e. I t  can accom m odate: (1) affected and unaffected 
relatives; (2) any family history, giving (a) accurate risks w ithin 
sibships bu t (b) approxim ate risks w ith second-degree and th ird - 
degree relatives; (3) differences in  prevalence and  heritability  
for different sexes or different severity o r age classes for the 
disease; and  (4) risks to fu ture children  or risks to  an individual 
conditional on his not being affected so far.
A fu rther developm ent o f th e  program m e m ay allow the use 
o f inform ation on continuous variables associated w ith a 
disease (such as blood glucose levels in  diabetes or personality 
scores in  schizophrenia) and  so im prove th e  accuracy o f the risk 
estim ate in  a given family.
1 6 9 / 7 2
C O PY R IG H T ©  1972. A l l  r i g h t s  o f  r e p r o d u c t i o n  o f  t h i s  r e p r i n t  a r e  r e s e r v e d  i n  a l l  c o u n t r i b s  o f  t h e  w o r l d
R equirem ents
T he most im portant requirem ents in genetic counselling are 
an accurate diagnosis o f the condition involved and  a .complete 
family history for the condition. T o  estim ate recurrence risks 
for multifactorial familial disease the population prevalence of 
the condition and the heritability o f liability3 to the condition 
are also required. T he  heritability o f liability is m easured from  
the frequency of the condition in relatives o f affected individuals. 
Any effects of sex, severity, or age on the frequency o f the 
condition m ust be taken into account in  m easuring the herita­
bility and estim ating the recurrence risks.
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C om puter P ro g ra m m e
A com puter program m e, R IS K M F  (the program m e is w ritten 
in FO R T R A N  and is available from the departm ent of 
human genetics, W estern General H ospital, E dinburgh), can 
be used to estimate the recurrence risks. Full details of the 
multifactorial model and of the methods used in  the program m e 
for calculating the recurrence risks were given by Sm ith .1 T he
□ 7
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INPUT DETAILS
Cl) DISEASE CONDITION, FAMILY IDENTIFICATION, DATE, ETC. FORMAT ram 1
FAMILY 0001 CLEFT LIP CWITH OR WITHOUT CLEFT PALATE) AUGUST 1071 1
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(2) NUMBER OF SEVERITY-AGE CSA) CLASSES SPECIFIED
1 -  NCLASS
(3) PARAMETER MATRIX, PREVALENCE. CP), HERITABILITY (H)
BOTH SEXES MALES FEMALES
P H  P H  P H
00010 0-7500 0-0013 0-7500 0 0007 0-7500
C4) INFORMATION MATRIX ON RELATIVES 
CODE NO. SEX CLASS STATUS
1 I I I 0
2 1 2  1 I
3 2 1 1  0
3 1 1 1  I
3 I 2 I I
OUTPUT DETAILS
RECURRENCE RISKS BY SEVERITY-AGE CLASS AND SEX 
SEVERITY AGE CLASS BOTH SEXES MALE FEMALE 
I 0-134 0155 0-109
F IG . 3 — I n p u t  d e ta ils  a n d  r e c u r re n c e  risk s  fo r th e  fam ily  (F ig. 2) w ith  cleft 
lip  (w ith  o r  w ith o u t  c le ft p a la te ) .
EXAMPLE 1
Consider the family in  Fig. 2 w ith cleft lip (with or without 
cleft palate). T h e  num bers refer to the codes in the simplified 
pedigree. T h e  population prevalence of the condition is about 
0-1% (0*13% in males and 0-07% in females) and the herita­
bility is estim ated as about 75%  in bo th  sexes.4 The input 
details are listed in the sam ple of com puter output in Fig. 3. 
T he  recurrence risks to fu ture  children in the sibship are then 
calculated and prin ted . T h e  estim ated risk in this family is 
13-4n„— 15-5% for males and 10-9% for females.
V  r Tq ■-Is Lr  L





F I G .  2 — C o d e d  fam ily  h is to ry  fo r fam ily  w ith  c le ft lip  (w ith  o r  w ith o u t c le ft 
palate). (S q u a re  =  m ale . C irc le  =  fem ale. B lack  sy m b o l - a ffec ted  su b jec t. 
See te x t fo r code.)
com puter input to the programme consists o f four item s: 
(1) identification details—for example, family nam e, date, disease 
nam e; (2) the num ber (NCLASS) of severity or age (SA) 
classes specified; (3) the prevalence (P) and heritability (H) 
param eters for the condition; and (4) a coded family history 
(see below). These input details are prin ted  in tables by the 
com puter for checking and for reference. T he  recurrence risks 
are then calculated and printed.
C o d ed  F a m ily  H is to ry
A simplified form of the family pedigree is used, coded as 
shown in Fig. 1. T he father is coded 1, and 5 and 6 code paternal 
second-degree and third-degree relatives respectively (and 
similarly for 2, 7, and 8 on the m aternal side). Siblings are 
coded as 3 and siblings’ children as 4. I f  the individual whose 
risk is sought is already born  a code 9 is used. T h e  form  of the 
input details for each coded group in  the pedigree is shown in 
the following examples.
F I G .  4 — C o d e d  fam ily  h is to ry  fo r  fam ily  w ith  d ia b e te s  m ellitus. K e y  as let 
F ig . 2 . O b liq u e  lin e  th ro u g h  s y m b o l in d ic a te s  su b je c t dead. Supenet 
n u m b e r  a g a in s t w h ite  sy m b o l in d ic a te s  c u r re n t  age  o r  age a t death. Supe»! 
n u m b e r  a g a in s t b la ck  sy m b o l in d ic a te s  age  a t o n se t. In fe r io r  numbers rets 
to  p e d ig re e  codes.
EXAMPLE 2
As a m ore com plex example consider a family with diabefo 
m ellitus. For diabetes there are sex effects on prevalence ani 
age effects on heritability. E arly-onset and late-onset cases ate 
taken to belong to the same genetic condition .5 In the fan»' 
history given in Fig. 4 the age shown is the age at onset if 1» 
person is diabetic and the cu rren t age if  the person is notdiaW) 
T h e  pedigree codes are inserted as before. W hat is theris^'1 
diabetes to fu tu re  children  at different stages in  their lives.
T he  inpu t details are given in  the com puter output, as sho« 
in Fig. 5. F our severity-age classes have been sp ec ified  con- 
ponding to four onset-age classes (0-19 years, 20-39 )*  
40-59 years, and 60-79 years), so N C L A SS - 4. The vary» 
prevalence and heritability  param eters for different ons£1̂  
and sex classes, derived from  Sm ith  et a l.,s are also shown. * 
severity-age class coded is the onset-age class if the re'®11” , 
affected and the current-age class if the relative is not afidn 
T he  risks of diabetes to fu tu re  children  throughout their > j 
is given by the com puter, as in  Fig. 5. Similarly, for a Fc- ^
jHJTISH medical journal 
input d e t a i ls
19 FEBRUARY 1972
M) DISEASE CONDITION, FAMILY IDENTIFICATION, DATE, ETC.
FAMILY 0823 DIABETES MELLITUS 
,2 )  NUMBER OF SEVERITY-AGE ISA) CLASSES SPECIFIED 
4 = NCLASS
(3) PARAMETER MATRIX, PREVALENCE CP), HERITABILITY CH)
BOTH SEXES MALES FEMALES
p H  P H  P
00005 0-7100 0-0005 0-7100 0-0004
00019 0-6000 0 0021 0-6000 0 0016
0 0075 0-5800 0 0079 0-5800 0 0071
0-0192 0-5300 0 0192 0-5300 0-0192
















































































RECURRENCE RISKS BY SEVERITY-AGE CLASS AND SEX
-AGE CLASS BOTH SEXES MALE FEMALE
1 0 097 0 097 0 085
2 0153 0161 0 14 0
3 0 293 0-300 0-287



















S. 5—Input details a n d  r e c u r re n c e  risk s  fo r  th e  fam ily  (F ig . 4) w ith  
diabetes mellitus.
who is not affected so far the risk of contracting diabetes can be 
estimated by the program m e.
Discussion
This brief account should illustrate the scope of the R IS K M F  
»gramme in evaluating recurrence risks for multifactorial 
auditions. In addition to estim ating risks for individual families 
i ' programme can be used to provide theoretical recurrence 
shin general situations or for com parisons with observed risks, 
w example, risks to children if both parents are affected (so- 
led dual matings;, risks for sporadic cases, risks w ith two, 
fee, or more affected children, and so on, can all be studied by 
deprogramme. T he m axim um  risk w ith m ultifactorial inheri- 
Snce,assuming a heritability  close to 100 '.,, can also be derived. 
Mmilarlv the effects o f varying the prevalence and heritability 
parameters or the num ber of SA classes or o f including unaffected 
Wives or second-degree and th ird-degree relatives can all be 
feied empirically through the program m e.
The programme can handle several families in sequence w ith 
W'ame or different diseases. A t present data are fed to the 
itoputer by means of punch  cards, bu t an interactive system 
'"h direct access to the com puter by a teletype or other rem ote 
®unal is planned. C om puting tim e per family is usually less 
fe 30 seconds (I.B .M . 360 50). T h e  program m e, w ith docu- 
Mntation, is available on request from this departm ent, 
“ternatively family histories, w ith the relevant prevalence and 
«liability param eters, m ay be subm itted  to the departm ent 
Estimation of risk. M o rto n 6 has also developed a com puter 
gramme (C O U N SEL ) for estim ating recurrence risks. H is 
■‘feamme will allow the user to estim ate risks by using several 
:'Jitic models, including the m ultifactorial model.
T h e  program m e m ight also be used to  prepare user tables o f 
recurrence risks for a variety o f fam ily histories for a given 
condition, such as the specialty o f a departm ent, o r for a 
particular geographical area. F o r exam ple, the recurrence risks 
for spina bifida or anencephaly o r bo th  in  a h igh-incidence area 
have been estim ated for different num bers o f affected relatives 
by using th e  data o f C arter et a lJ  from  South  W ales (com bined 
incidence 0-78% , heritability  64% ). T hese are given in  the 
T able and  show how the risk increases as fu rth er affected 
relatives, including second-degree and th ird -degree relatives, 
are added. I f  there  is no previous fam ily history, how ever, the 
estim ated risk is lower than  the em piric risk.
E s t i m a t e d  R e c u r r e n c e  R i s k s  f o r  S p i n a  B i f i d a  o r  A n e n c e p h a l y  o r  B o t h  
Family History
497
One sib affected 
Parent and sib affected!
Tw o sibs affected /
Three sibs affected
One sib and a second-degree relative affected 
One sib and a third-degree relative affected 
One sib affected, no other family history







T he use of these m ethods to estim ate recurrence risks in 
practice m ay be queried on several grounds. I n  m an it is always 
difficult to  separate genetic and non-genetic effects, and these 
may be confounded in  estim ating heritability . T h is is less 
serious for risk estim ation, how ever, since non-genetic effects 
may also be involved in  risks to  relatives. T h e  m ultifactorial 
model is used to describe the observed frequencies of a condition 
in  relatives, bu t the true  m ode of inheritance is usually no t 
known. T h is may not be too critical in evaluating risks, for it 
has been show n“ * that the risks are sim ilar for different modes 
of inheritance—unless strict M endelian inheritance is involved. 
A nother difficulty in  practice may be th e  lack o f adequate esti­
mates o f population prevalence and o f heritability , bu t these 
should accrue in time.
Finally, the recurrence risks for m ultifactorial conditions are 
usually not high unless the disease is com m on or there  are 
several affected relatives in  the family. T h u s the m ethods 
described here m ay be of m ost value (1) in  com m on familial 
conditions or (2) if there are com plicating sex or age effects or 
(3) if there is a complex family history or (4) if there are poor 
em piric estimates of risk. M oreover, they provide a standard  
system and a rationale for estim ating recurrence risks where none 
have been available previously. T h u s they m ay help to provide 
better inform ation for genetic counselling, for the identification 
of high-risk groups, for the indication for antenatal diagnosis, 
and in  general for the prevention and  treatm en t o f familial 
disease.
I would like to thank Miss Susan Holloway for writing the 
programme for RISKM F, and my colleagues for helpful discus­
sions.
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Equilibrium Frequencies in X-linked Recessive Disease
S u s a n  M . H o l l o w a y 1 a n d  C h a r l e s  Sm i t h 1
Haldane’s [ 1]  formula for the equilibrium frequency of rare X-linked recessive 
diseases maintained by mutation can be extended to cover a wide variety of 
situations in genetic counseling, antenatal diagnosis, and eugenic consequences 
of different medical practices. Some of these have been considered already [2-4] 
but the studies have dealt with the effects of changing one factor at a time. In 
this paper, formulas are developed so that the net effect of any combined set of 
factors can be considered, in order to study the balance among different factors 
and their combined equilibria. The initial sections of the paper introduce the 
form of the procedure for simple cases; then the methods are generalized to take 
into account several variables concurrently. Finally, the use of the formulas is 
illustrated and discussed.
S IM P L E  E Q U ILIB R IA
To introduce the methods and notation used (see Appendix), simple cases 
dealing with survival rates of affected males and reproductive practices of affected 
males and carrier females are considered. Let M  and F  be the equilibrium fre­
quencies at birth of affected males and carrier females, respectively. Let the relative 
reproductive fitness (number of offspring born relative to the number of offspring 
born from normal individuals) of affected males and of carrier females be m  and 
/, respectively. Note that this deals with the actual or achieved fertility, rather 
than with the potential fertility, genetic or otherwise.
Affected males are either the result of a new mutation or are the offspring of 
carrier females (half of whose sons are affected). Then, if /x is the mutation 
rate per gamete,
M  =  n  +  F f /2 .  ( 1)
Similarly, carrier females can arise by a new mutation (in either gamete), from 
carrier mothers (half their daughters are carriers), or from affected males (all 
daughters are carriers), so
F  =  2 fi +  F f / 2 + M m .  (2)
The equilibrium frequencies can then be found, in terms of the mutation rate (/x), 
by substituting equation ( 1)  in (2) and solving for F , giving
Received December 5, 1972 ; revised January 29, 1973.
1 University Department of Human Genetics, Western General Hospital, Edinburgh, EH4 
2HU, Scotland.
© 1973 by the American Society of Human Genetics. All rights reserved.
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F  =
¡x(2 - f  m ) (3)
and similarly for M .
These formulas can deal with changes in the fitness of affected males and carrier 
females as a result of genetic counseling or through improved treatment or survival 
of affected males. For example, if the fitness of affected males became 0.5 and 
that of carrier females was 0.8, then from equations ( 1)  and (3) the equilibrium 
frequencies of affected males and carrier females would be 3.5 ¡x and 6.3 ¡jl, 
respectively.
The formulas can be extended to deal with different mutation rates in males 
( ¡ im) and females ( / % ) .  The contribution of mutation to M  is f i f  and to F  is 
(jttB - f  f i f ) . The solution for F  then becomes [ f i m  - ( -  /x; ( l  +  » * ) ] / [  1 — ( / / 2 ) ( 1  - j -  
;«)], and similarly for M .
In practice, many other factors are likely to affect the net reproductive fitness 
of affected males and carrier females, so that the equilibrium frequency will 
usually be a complex function of several factors. Each of these will first be con­
sidered separately. Then the joint effect of the different factors will be considered, 
and general expressions from which the complex equilibria can be calculated will 
be derived.
Stage of D etection
If there is a previous family history of a disease or if carrier tests are available, 
carriers may be detected before any affected offspring are born. Following Fraser 
[2], this will be called prospective detection. However, most carriers of X-linked 
conditions will be detected only after the birth (or diagnosis) of an affected son; 
that is, detection is retrospective. Note that a proportion of carrier females will 
remain undetected since they have no affected offspring.
Among all carriers not detected prospectively, the proportion of cases born (or 
preventable) after the first case can be derived as follows. With family size n, an 
average of n / 4 affected sons is expected. In a proportion (3/4 )” of families of 
carrier females, there will be no affected sons. In the remainder [1 — (3/4 )” ], 
there will be at least one affected son, the first case in the family. Thus, the pro­
portion of first cases among all cases in families of size n  from carrier females is
as shown by Fraser [5 ], Table 1 illustrates this result for families of size three. 
The proportion of first cases among all affected is 37/48, which is equal to zn for 
n =  2. The proportion of cases bom after the first case is, of course, ( 1  — zn).
Since zn is dependent on family size (k), the distribution of family size in the 
population must be taken into account. Fraser [5] has evaluated the weighted 
mean value (z )  for different distributions of family size. For example, for a Poisson
C O M P L E X  E Q U IL IB R IA
z » =  [1 — (3/4 )” ]/ (« /4 ) , (4)
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TABLE 1
P r o p o r t i o n  o p  F i r s t  C a s e s  i n  F a m i l i e s  o p  S i z e  T h r e e
No. Normal
Family Order Frequency No. First No. Born before Total Normal
1-2-3 (X  64) Cases Affected First Case Born
NNN* .........................  27 0 0 3 3
NNA ...........................  9 1 1 2 2
NAN  ...........................  9 1 1 1 2
ANN  ...........................  9 1 1 0 2
NAA ...........................  3 1 2 1 i
ANA ...........................  3 1 2 0 i
AAN  ...........................  3 1 2 0 i
AAA ...........................  1 1 3 0 o
Total .......................  64 37 48 111 144
* N  —  normal; A  =  affected.
distribution with mean family sizes of two and three, the proportions of first cases 
among all cases are 79% and 70% , respectively. With the negative binomial, the 
other distribution commonly used to describe distribution of family size, the figures 
are somewhat higher [5].
It  can be shown that z also measures the proportion of normal individuals born 
before the first case. For example, in table 1 this proportion is 1 1 1/ 14 4 . The 
quantity z also gives the average fitness of carrier females if they have no further 
children after the first case in their family.
R eproductive  F itness
The relative fitness of carrier females will depend on their reproductive practices 
after detection. Some may terminate their family, others may have normal family 
size, and still others may compensate for the birth of affected children. A propor­
tion of all carrier females in the population will not be detected, and these are 
assumed to have normal family size. This group is included implicitly in all the 
results derived below.
Carrier females who are detected prospectively may have no children and will 
have a zero fitness. Any who partially restrict their family after detection will have 
a fitness of less than one, while those who go on to have their normal family size 
will have a fitness of one. Those terminating their families after the birth of an 
affected child will have a mean fitness of z.
Some carrier females may compensate for the birth of a  affected children so as 
to have the intended number n  of normal children, so-called full reproductive 
compensation. The total number of children born will be (e +  w). The ratio 
a / { a  -j- n )  will be equal to p, the segregation ratio, so n ~ a (  1 — p ) / p . The mean 
fitness for such carrier females is then (a ~ \ - n ) / n , which is equal to 1 / ( 1  — p)\ 
this result holds for any family size.
Some carrier females may wish for the intended number of living children. If a
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p r o p o r t io n  d  of affected children do not survive, the total number of children born 
K ill be { n - \ - a d ) .  B y  repeating the above argument, the fitness of such carrier 
females can be shown to be 1 / ( 1  — d p ) .
Selective A b o r t i o n
To deal with selective abortion, the class of offspring selectively aborted must 
be considered. Various classes of offspring could be selectively aborted: ( 1)  affected 
males, (2) all males, or (3) affected males and carrier females. Consider the repro­
ductive fitness /* of carrier females detected prospectively, measured in terms of 
number of offspring conceived (omitting natural abortions). The observed fitness 
I, in terms of numbers born, is then
where Xn f ,  %n m ,  x g f ,  and X a u  refer, respectively, to the proportions born of normal 
females, normal males, carrier females, and affected males conceived. Thus the 
value of /* can be derived. Similarly for affected males, female offspring (all 
carriers) could be selectively aborted. The observed fitness m  in terms of offspring 
bom is then
where y m  and ycF  are the proportions born of normal males and carrier females 
conceived.
If the family is detected retrospectively, a proportion z  of offspring will be bom 
before detection, as shown in the previous section. The observed fitness / of carrier 
females in terms of offspring born then becomes
Combined Equilibria
All the factors considered above can now be combined into a single set of 
formulas covering a wide range of situations and can deal with the various factors 
either singly or in combination.
As discussed earlier, all carrier females are unlikely to adopt the same reproduc­
tive practices after detection. To deal with this, let the subscript i  refer to the zth 
group of carrier females who make up a proportion Pi of all carrier females. 
Similarly, let the subscript j  and P , refer to a particular group of affected males. 
The procedure then is to calculate, for each group i, the fitness /*» in terms of con­
ceptions (given the observed fitness j i  in terms of births) and to weight the values 
according to the proportion in the group. The equilibrium frequencies can then be 
written as for equations ( 1)  and (2), namely,
/ —  /* ( x i f F  -f- x N M +  X q f +  X a u ) / 4, (S)
m  =  m * (2 y NM +  2 y 0F)/A , (6)
/ •—  z - f -  (/* — z )  ( x g F  X i f u  +  x c f  - f -  x a m ) / A . (7)
(8)
F  =  2fx +  —  ?  p i l z i +  (/** — *i)xoF{] + M t  PjUijycFj. (9)2 i j
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B y substituting in these formulas, the equilibrium frequencies can be easily derived  
I f  there is no selective abortion, then /% =  /«, and all x  and y —  1. The formulas 
can be extended to deal with different mutation rates in males and females as before
A pplication
To illustrate an application of the previous sections, consider a rather complex 
case— deriving the equilibrium frequency for an X-linked condition, say hemophilia. 
Affected males now tend to survive longer and may have more offspring than previ­
ously. Genetic counseling is available, and carrier tests and accurate diagnosis can 
be made. Selective abortion of males from carrier females and of daughters of 
affected males is also possible and may be used in a proportion of families.
Details of an example are given in tables 2 and 3. Among affected males, suppose 
10%  do not survive to reproduction, a further 20%  have no offspring, and 60% 
have normal fitness. Suppose the final 10%  of the affected males opt for selective 
abortion of their female offspring, half with no reproductive compensation and half 
with full reproductive compensation. However, since affected males do not pass 
X-linked genes to their sons and, using selective abortion, have no daughters, their 
actual fitness in this case need not be considered.
Among carrier females, those detected prospectively and those detected retro­
spectively must be treated separately (table 3 ) . For prospective detection the 
details are similar to those for affected males. I f  carrier females terminate their 
family retrospectively, their average fitness (z) will be about 70% -80% , as dis­
cussed earlier. I f  they use selective abortion of males but have the normal number 
of pregnancies, the relative fitness for conceptions (/*) will be 1.0, and for offspring 
born (/) it will be 0.88. With selective abortion of males and normal family size, 
the fitness for numbers born (/) will be 1.0. The fitness for numbers conceived 
(/*) is then given by j  = 1 . 0  =  0.7S -f- (/* — 0.75) ( 1 -)- 1 +  0 +  0)/4, so that 
}* is 1.25. With selective abortion of males and a full family (n )  of unaffected
TABLE 2
P o s s i b l e  R e p r o d u c t i v e  P r a c t i c e s  f o r  A f f e c t e d  M a l e s  S h o w i n g  
P r o p o r t i o n  a n d  F i t n e s s  f o r  E a c h  T y p e
R e l a t i v e F i t n e s s
P r o p o r t i o n No. Born No. Conceived
A f f e c t e d  M a l e s (pt ) Oitj) Cm*,)
Not surviving................................................ 0 . 1 0 0 0
No offspring .................................................. 0 . 2 0 0 0
Normal family size ....................................... 0.60 1 . 0 1 . 0
Selective abortion of female offspring........ 0.05 0.5 1 . 0
(n offspring conceived)
Selective abortion of female offspring........ 0.05 1 . 0 2 . 0
(n offspring born)
T A B L E  3
P o s s i b l e  R e p r o d u c t i v e  P r a c t i c e s  t o r  C a r r i e r  F e m a l e s  S h o w i n g  
P r o p o r t i o n  a n d  F i t n e s s  f o r  E a c h  T y p e
A . D e t e c t i o n
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D e t e c t i o n
Prospective
o f  C a r r i e r  F e m a l e s  
Retrospective
Proportion ................................................................. 0 .20 0 .80
Proportion o f o f fs p r in g  b o r n b e f o r e  d e te c t io n  ( s ) 0 .0 0 .75
B .  R e p r o d u c t i v e  P r a c t i c e
F i t n e s s F i t n e s s
P r o s p e c t i v e No. No. R e t r o s p e c t i v e  N o . No.
R e p r o d u c t i v e  P r a c t i c e P r o p o r t i o n s Born Conceived P r o p o r t i o n s  Born Conceived
a f t e r  D e t e c t i o n ( p t ) a , ) (/<%) ( P t ) (/<) (/*<)
No further o ffsp r in g  ................ 0 .30 0 0 0 .40 0 .75 0 .75
.Normal fam ily  s ize  .................. . .  0 .10 1.0 1.0 0 .10 1.0 1.0
(# offspring b o r n )
Selective a b o r t io n  o f  m a le s  . . .  0 .40 o.s 1.0 0 .25 0.S8 1.0
(:n offspring c o n c e iv e d )
Selective a b o r t io n  o f  m a le s  . . . 0 .10 1.0 2 .0 0 .10 1.0 1.25
(a offspring b o r n )
Selective a b o r t io n  o f  m a le s  . . .  0 .10 1.0 2 .0 0 .15 1.19 1.63
(n unaffec ted  o f f s p r in g  b o r n )
children, the relative fitness for offspring born (/) is equal to 1 +  z/4, since one-
fourth of the children at detection will be affected, and the relative fitness for
offspring conceived (/*) is 1.63.
The values in tables 2 and 3 can be substituted directly in equations (8) and 
(9) to derive the equilibrium frequencies. These were found to be 3.7 ft for males 
and 8.4 ft for females. A  computer program was written to derive the equilibrium 
frequencies for any set of variables studied and is available on request.
Relative I m p o r t a n c e  o f  F a c t o r s
One reason for trying to combine various factors affecting an equilibrium was 
to study their relative effects and to see where opposing forces would balance. A 
large variety of comparisons could be made using the above procedures, but only 
a few cases of special interest are considered here.
In the absence of selective abortion, the critical factor in determining the 
equilibria is the average fitness of carrier females, and similarly the average fitness 
of affected males. Thus, the combined effects of any group of fitnesses can be simply
summarized by taking the average fitness for the group and substituting in equa­
tion (3 ) to get the equilibrium frequency.
With selective abortion, the type of offspring born, as well as their number 
must be considered. So the average fitness does not summarize the effects of the 
various factors, and the full procedure as summarized by equations (7), (8), and 
(9) must be used. The effects of selective abortion with full reproductive compen­
sation are of special interest, for these could theoretically give rise to a continuous 
increase in frequency with time. However, this is unlikely in practice, for there 
are other factors with balancing effects. The effects of a proportion of carriers 
having no children after detection are considered in figure 1. As this proportion
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Proportion of carrier  fe m a le s  with 
no children a fter  d etect io n
F ig . 1.— E quilibria from  selective  abortion o f all m ales from  carrier fem ales following de­
tection. (A ffected m ales do n o t reproduce.) S o l id ,  l i n e  —  prospective detection; b r o k e n  U n e -  
retrospective detection; (z =  0 .7 ).
increases the equilibrium frequency in each case falls. Case a shows the extreme 
situation with prospective detection and full reproductive compensation. If only a 
small proportion of detected carriers have no children, the frequency will not rise 
continuously but will reach a new, though elevated, equilibrium value.
With retrospective detection and full reproductive compensation (case b), much 
lower equilibrium frequencies are expected. However, a reduction in the number
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of births from detected carriers will be expected in practice, since with selective 
abortion of males, two pregnancies are required on average for each female born. 
If carrier females have only their intended number of pregnancies, the equilibrium 
frequencies will be unchanged, or decreased if some carriers have no children after 
detection (cases e and /). The two other cases (fig. 1 , c and d )  represent inter­
mediate situations. Case d  refers to retrospective prevention where the intended 
number of offspring, including the affected proband, is produced. Case c represents 
prospective prevention where half the carriers practice full reproductive compensa­
tion and the other half have only their intended number of pregnancies. These 
result in only moderate increases in frequency above the original equilibrium value.
D IS C U S S IO N
The equilibrium frequencies for X-linked diseases depend on many factors asso­
ciated with survival and with reproductive practice of affected and carrier indi­
viduals. Several workers, but especially Fraser [2], have discussed the effects of 
changes in single factors acting in isolation, that is, assuming that other factors 
remain unchanged. The estimated changes in frequency have been very relevant in 
setting upper limits for the effect of each factor. In practice, several factors are 
likely to change concurrently, so that to estimate new equilibrium levels more accu­
rately, methods to take the various factors into account are required. The methods 
outlined here allow combination of any set of factors in order to study and assess 
their combined equilibrium.
Though the theoretical derivation of equilibria is clear, their determination in 
practice may be more difficult because the statistics required may be difficult to 
estimate reliably and will vary over time and place. I f  the disease is rare, the 
1 numbers in various reproductive groups may be small and variable and thus con­
tribute to unreliable estimates. The distributions of intended and completed family 
size will only be known in retrospect, after reproduction has ceased and may also 
vary with time. Similarly, the fitness of an individual cannot be measured until 
the end of reproductive life. These derivations also assume that the disease is 
caused by a single genetic entity. Both genetic heterogeneity and the existence of 
phenocopies are factors that would affect the equilibrium values for the frequency 
of the disease.
With X-linked conditions the approach to new equilibrium levels is reasonably 
rapid [6], reaching halfway to the new equilibrium in 3-6  generations, compared 
with, hundreds of generations for autosomal recessive conditions. However, it is 
likely that survival, reproduction, detection, selective abortion, and other factors 
will change with time and will differ between countries, social groups, and so on. 
Thus, the equilibria are unlikely to be constant but will continue to vary over 
time and place.
SU M M A R Y
Formulas are developed to calculate the equilibrium frequency of X-linked 
diseases in complex situations. These include the combined effects of survival of
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affected individuals, variable reproductive performance of affected males and carrier
females, variable stages of detection, and selective abortion. The net effect of any
combined set of factors on the equilibrium frequency of the disease can thus be 
studied.
A PPE N D IX
Symbols
N F , N M , CF, A M  — normal females, normal males, carrier females, affected males 
F  =  equilibrium frequency of CF born
M  =  equilibrium frequency of A M  bom
P =  segregation ratio
¡Ji — mutation rate per gamete per generation 
n  =  family size 
a =  average number of A M
z =  proportion of offspring born before detection of the family
Parameters Varying with Reproductive Class
Pi =  proportion of CF in class (i)
Pj =  proportion of A M  in class (/)
f i =  relative fitness of CF in class (2) in terms of offspring born
nij =  relative fitness of A M  in class (;) in terms of offspring born
f*t — relative fitness of CF in class (2) in terms of offspring conceived
m*j — relative fitness of A M  in class (;) in terms of offspring conceived 
xNF. =  proportion of N F  born among those conceived by CF in class (2) after detection 
y N M . =  proportion of N M  born among those conceived of A M  in class (j)
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response s u c h  as G.v.u. This docs not, however, exclude
i. usability that patients who may develop G.V.H. are 
l"i xoao to skin infections and T.E.N.jisoptoi
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A N N UAL ASSESSMENTS OF B L IG H T  IN  POTATO HA U LM  AND TUBERS, 
AND T H E  NU M BER OP CASES OF A N EN CEPH A LY  AND SPIN A  B IFID A  
CONCEIVED IN  T H E  SAME CROP YEAR (SEE TEXT)
G erhard R. F. K rueger.
ANENCEPHALY, SPIN A  B IFID A , AND 
POTATO BLIGH T IN  T H E  E D IN B U R G H  
AREA
Sm—Renwick 1 presented evidence of an association 
between the frequency of anenccphaly and spina bifida 
oa the one hand and the severity of blight in the potato 
crop in the previous year on the other. L ater,2 he presented 
further data showing very good matching between the 
number of live births with spina bifida in the West of 
Scotland during the 6-year period 1952-57 and blight 
scores in the area lino years previously. More recently,3 
Wound a high correlation (r — 0-S7) between the adjusted 
iiausl frequency of anenccphaly in the whole of England 
"aa Wales from 1961 to 196S and the percentage of visibly 
¡irbtcd tubers at harvest in the previous year. We present 
ssimilar set of data for the Edinburgh area, dealing with 
tecs of conception rather than with dates of birth and for 
¡17-year period from 1954 to 1971.
Blight scores for the potato crop in the East and South­
ed of Scotland were derived from assessments of progress 
¿die disease on potato haulm (see accompanying table). 
A severe blight year (rated 2) was defined as one where 
litre was at least 75% haulm death in unsprayed crops 
(¡{ore the end of August.4 Years when blight was clearly 
if little, importance on haulm and in tubers were rated 0, 
ad intermediate years were rated 1. These assessments 
were supplemented by ’ data on experimental plots in 
commercial crops at several locations during the years 
®-68,‘ Independent assessments of tuber blight for 
crops in Scotland made just before harvest were obtained 
ion the Potato Marketing Board. There was good 
igtccmcnt between the two sets of blight assessments 
¡1=0-63), There was no apparent trend over years in the 
percentage of blighted tubers at harvest ( r = — 0-06). 
Practically all the potatoes consumed in the Edinburgh 
aa from August to Aprii are produced locally. T he old 
’ttio crop continues to be eaten through May and early 
¡uac but is gradually replaced first by imports in May and 
“•13 by early crops from other parts of the U .K . The 
«Ml from July in one year (N) to June in the next 
¡car (N-; 1) has been taken as the period when the crop 
corresponding to the blight scores for year N is consumed 
id when conceptions relevant to the blight scores occur. 
Records on all stillbirths and deaths under 28 days with 
Weephaiy or spina bifida were available for the period 
W-71 inclusive from the birth registers of the Simpson 
Memorial Maternity Pavilion in Edinburgh, the largest 
tuternity hospital in the area. Details on the reported 
-«in of conception were available. The number of eases 
Mewed in tlie period July to June in each yearly interval 
"Wen counted and adjusted to the-m ean number of 
bCO births per year. The results are given in the table’, 
“•oc was a highly significant downward trend (p<0-01) 
vcyars in five number of cases. To express the numbers
 yVe lo their contemporary mean, they are also given as
“«ions iroin the linear regression of numbers on years. 
‘!f “evictions among years were then no longer sig- 
"•canjly heterogeneous (p <0-20).
table, years with high blight scores showed no
■ kenwieh, J,
j . ... ,
l lr . 'J .  p re v . w e . M e d .  1972, 2G, 67. 
.'I, 1972, ¡1, 336, 967.
■ r. ......................u J . J .  1973, 1, 172.














1954 1 1-04 23 —15
1955 ................ 0 0-28 46 9
1956 1 1-3S 23 - 1 2
1957 2 1-33 36 2
1958 n 1-74 31 -  2
1959 . .  ’ . . 0 0-47 40 8
1960 o 1-32 32 1
1961 1 0-94 38 S
1962 1 0-92 24 -  5
1963 2 3-9S 30 2
1964 1 1-03 24 _
1965 2 1-49 28 3
1966 2 1-42 15 -  9
1967 1 0-44 22 -  1
1968 2 1-41 20 _ 'i
1969 0 0-47 19 _ A
1970 0 0-41 16 -  4
tendency to have a high number of eases. Although it was 
possible to match certain parts of the data, over the whole 
17-year period there was no association between the blight 
• assessments and the number of cases (r— — 0-0S). Since the 
numbers were small in any one year, the data were grouped 
by blight score, combining scores 0 and 1. A Kruskal- 
Wallis analysis of rank test was performed, but the difference 
in the sums of the ranks of the two classes was trivial. The 
difference between the means of the deviations in the two 
classes (2 minus [Of-l]) was 0-9 ¿3-3  cases. Our data 
would be large enough to detect as significant (p <0 05) 
differences in the frequency of affected cases of about 25% 
between blight and non-blight years. This is of the order 
of the differences found by Renwick in Scottish data.1 
The data did show highly significant monthly differences 
in the number of eases; conceptions of cases were markedly 
elevated in May (x l-5 7 ) and August (x l-4 6 ) and were 
low in February (xO-73).
In summary these data from the Edinburgh area, 
dealing with blight in the potato crop and conceptions in 
the same crop year, do not support the reported association 
between the severity of potato blight and the frequency of 
anenccphaly and spina bifida.
We thank Dr J. C. H. Dunlop and his records staff at the 
Simpson Memorial Maternity Pavilion and the Potato Marketing 
Board for use of their collected records.
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A N EN CEPIIA LY  AND P O T A T O E S IN CHILE  
7>ir,—I am very interested in D r Renwick’s hypothesis 
that blighted potatoes are related to the increase of anen­
ccphaly in Chile.0- 6 I am reporting preliminary data in 
order to clarify the situation. During the decade before the 
introduction of potato-blight-resistant potatoes (1940-49) 
the average potato yield was 9 metric tons per hectare and 
the average production per head SO kg. This figure fell to 
60 kg. in the worse blight year in 1951, but yield was not 
affected. The following figures show that these averages 
have not varied during the past decade. Unfortunately we
6 . R enwick, J. H . B r . J .  p re v . soc. M e d .  1972, 26, 67.
7. Renwick, J. H . L a n c e t, Jan. 13, 1973, p. 96.
8 . Cruz-Cokc, R. ibid. 1972, i i ,  1094.
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Concordance in Twins: Methods and Interpretation
C h a r l e s  S m i t h 1
IN T R O D U C T IO N
Monozygous (M Z) and dizygous (DZ) twins provide a unique and valuable set of 
material for the study of inheritance of traits and diseases in man. Yet the twin 
method and twin results are often not given the weight or attention they deserve. 
This is partly because of the variety of methods used and the different genetic in­
terpretations made, which are sometimes inappropriate. There is need for a simple 
account of the twin method for clinical geneticists and other users who lack statis­
tical expertise. The object of this paper is to present a simple, standard procedure 
for collecting, analyzing, and interpreting twin concordance data. The effects of 
factors such as common familial environment are taken into account, and other 
methods of analysis and interpretation are considered. Several workers 1 1-3] have 
already dealt with particular aspects of twin concordance, and the relevant results, 
along with some new results, are presented here.
M E T H O D S
P roband C oncordance R a te
The methods in this paper deal specifically with discontinuous traits such as 
disease, where individuals are classed as 1 if they have the trait and as 0 if they 
do not. Consider first all N  pairs of twins of one kind (M Z or D Z) in the popula­
tion and assume that all individuals are correctly classed as 1 or 0. The numbers 
of the four types of twin pairs ( 1 1 ,  10 , 0 1, and 00) are given by n U l  n i 0 , ?%, and 
»oo as in the 2 X 2  table in table 1 , and the proportions are P n  +  Pio +  ■Poi'f 
Poo =  1- The frequency (P) of the trait can be measured in the population or, al­
ternatively, in the twins themselves (though far less precisely) as P  =  (2% i -j-«io 
T  wo i ) / 2 N  =  ( 2 P u  - ) -  P i 0 - J -  P o i ) / 2  =  P n  - ( -  P io .
I f  we deal with twin pairs, it is obvious that pairs of type 00 will not be ascer­
tained for the trait. Similarly, those of type 1 1  may have a greater chance of being 
ascertained and being in the sample observed than 01 or 10 pairs. The complica­
tions introduced by these ascertainment problems can be avoided by dealing with 
the individual rather than with the twin pair. The simplest and most appropriate 
measure of concordance is the proband  concordance rate, the proportion of cotwins 
with the trait for individuals independently ascertained. Each twin pair is then
Received September 10, 1973; revised December 20, 1973.
1 University Department of Human Genetics, Western General Hospital, Edinburgh, Scotland. 
©  1974 by the American Society of Human Genetics. A ll rights reserved.
454
TABLE 1
N u m b e r s  ( « )  a n d  P r o p o r t i o n s  ( P )  o p  A l l  T w i n  P a i r s  i n  t h e  P o p u l a t i o n
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T w i n  C l a s s
o o H 5 2 C l a s s
0 T o t a l
1 ................................. ren « 1 0 « 1 1  +  « 1 0
i—i
fC
( P i o ) ( P )
0  ................................. « 0 1 « 0 0 « 0 1  +  « 0 0
( P , l ) (P oo) (1 — P)
Total ..................... « 1 1  +  « 0 1 « 1 0 +  « 0 0 N
CP ) (1— P) ( 1 )
N o t e .— I n d iv id u a ls  c la ss if ie d  a s  1 i f  t h e y  h a v e  th e  t r a i t  a n d  a s  0  if  t h e y  d o  n o t .
counted once for each member independently ascertained. This is equivalent to the 
Weinberg proband method [4] in segregation analysis, and the estimate is inde­
pendent of the ascertainment frequency (see below). The proband concordance 
rate (Pr ) is then
P r  =  2n—  = ---------------------------------------------------( 1)
2«u  -|- « 1 0  +  «»I 2P u  -f- Pio P ,n P
Interpretation
For Mendelian traits, the proband concordance rate gives an estimate of the 
segregation ratio. The expected values are, of course, 1 in M Z twins and y 2 for 
dominant and for recessive traits in D Z twins. However, if penetrance is not 
complete or there are sporadic cases, then the observed rate will be less than ex­
pected. The ratio of observed to expected gives a guide to these effects, but full 
segregation analysis, treating twin pairs as families of size two, should be used to 
estimate the degree of penetrance, proportion of sporadic cases, and ascertainment 
frequency.
Interpretation of the proband concordance rate for traits not inherited in a sim­
ple Mendelian manner is arbitrary. However, a useful and robust method is to as­
sume that the trait has an underlying continuous distribution of liability. Individuals 
then have the trait if their liability exceeds a certain threshold value on the dis­
tribution scale [5 ]. I f  the underlying distribution is continuous, it can be trans­
formed (conceptually) to normality by an appropriate transformation of scale. The 
concordance rate can then be interpreted as a correlation coefficient in liability be­
tween relatives, corresponding to the correlation between relatives for a continuous 
trait. To estimate the correlation coefficient, both the population frequency of the 
trait and the proband concordance rate are required, as shown in table 2. For ex­
ample, if the population frequency (P )  is 0.5c/o  and the proband concordance rate
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TABLE 2
P r o b a n d  C o n c o r d a n c e  R a t e  ( F r e q u e n c y  p e r  1 ,0 0 0  C o t w i n s ) ,  G iv e n  t h e  P o p u l a t i o n  
F r e q u e n c y  a n d  C o r r e l a t i o n  i n  L i a b i l i t y  b e t w e e n  T w i n s
P o p u l a t io n  F r e q u e n c y ( % )
C o r r e l a t io n 0 .0 1 O.OS 0.1 O.S 1 5 10 20 SO so
.1  ........................................... 1 2 3 1 1 1 9 7 4 1 3 3 2 4 1 5 3 2 RID
2 2 4 7 2 1 3 4 1 0 5 1 7 2 2 8 4 5 6 4 871
.3  ........................................... 4 1 0 1 4 3 7 5 5 1 4 3 2 1 6 3 3 1 5 9 7 833
.4  ........................................... 9 2 0 2 8 6 2 8 6 1 8 8 2 6 6 3 8 1 6 3 1 845
.5  ........................................... 1 8 3 8 5 1 9 8 1 2 9 2 4 4 3 2 4 4 3 6 6 6 7 S59
.6  ........................................... 3 6 7 0 9 0 1 5 1 1 8 7 3 1 0 3 9 0 4 9 6 7 0 5 874
.7  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 0 1 2 5 1 5 2 2 2 6 2 6 6 3 9 2 4 6 S 5 6 5 7 4 7 SOI
.8  ........................................... 1 3 8 2 2 1 2 5 5 3 3 6 3 7 6 4 9 5 5 6 3 6 4 5 7 9 5 011
.9  ........................................... 2 9 1 4 0 0 4 3 4 5 0 7 5 4 2 6 3 7 6 8 9 7 5 0 8 5 7 037
.9 5  ........................................ 4 5 9 5 5 S 5 8 5 6 4 2 6 7 0 7 4 2 7 7 9 8 2 3 8 9 9 056
.9 9  ........................................ 7 3 6 7 8 9 8 0 2 8 4 1 8 4 5 8 8 5 8 9 8 9 2 2 9 5 7 981
(P h.) is 6.2% , the correlation between twins is estimated as .4. Other values can be 
found by interpolation using table 2, from published tables for the tetrachoric cor­
relation, or from published graphs [6, 7].
A very simple approximate estimate of the correlation (r) in liability is given by
X —  Xjt
r  =  — r J L > (2a)
where a and x  are the mean deviate and threshold value for individuals with the 
trait, and xR is the difference between the threshold and the mean liability for rela­
tives [8, 9]. However, this is an underestimate; an improved estimate is given by
*  — x B\ / l  — (x -  — x a2) ( l  — x /a )
~ ~   . (2b)
a +  x R2{a — x )
In the above example, when P  =  0 .5% , x  =  2.576 and a =  2.892 ; when P —  6.2%, 
Xu =  1.538. Substituting in equation (2b), r =  .4.
S tandard  E rror
The standard error of the correlation in liability can be derived in several ways 
[5, 7, 9]. A simple approximate estimate can be derived as follows. In practice, the 
population frequency estimate will have a low variance, and so the variance of the 
correlation will depend largely on the number of affected cotwins in the sample. 
The variance is then given approximately [5] by
1 \  /  1 \  /  1 — Pn  
a-
(3)
where a and aR are the mean deviates of individuals and of cotwins with the trait,
r e s p e c t i v e l y .  In this case, A  should be taken as t h e  number of twin pairs with both 
m e m b e r s  affected. This avoids the effect on the variance of counting some pairs 
twice in calculating the proband concordance rate. An example will show how the 
formula is applied. Suppose that P  =  1%  and P n  = 1 3  %  from 100 independently 
ascertained M Z twins representing 96 twin pairs in all. From the normal distribu­
tion a =  2.665, aR —  1.627, ( 1  — P R ) =  .87, and A  =  13 — (100 — 96) =  9. 
From this set of data the estimate of the correlation and its standard error would 
be .5 ±  .072.
Genetic In terpreta tion  
To interpret the correlations between twins in genetic terms, it is important that 
any nongenetic familial effects be eliminated. The best way to avoid these effects is 
to compare twins reared apart, but numbers are usually small and prenatal and 
perinatal effects remain. A more common method is to compare the correlations 
from MZ and from D Z twins. The correlations, as intraclass correlations, estimate 
the proportion of the total phenotypic variation (7 )  which is common to members 
of a twin pair. Thus
r U z  —  (V a  +  VD +  V 0 ) / V  =  (V a +  V 0) / V  (4)
and
rD Z= a v A +  i V D +  V c ) / V ,  (5)
I where Va is the total genetic variance, V a is the additive genetic variance, Vn  is 
the dominance genetic variance, and V c  is the variance due to nongenetic familial 
effects among twins [ 10 ] , Epistatic variance due to interactions among loci is ig­
nored. If V c ~  0, then rMZ gives a direct estimate of V a /V ,  which is the coefficient 
of genetic determination (G ), that proportion of the variation in liability among 
individuals in the population due to genetic effects. I f  V c  and Vo  are small, 2rDX 
can be used to estimate the heritability (li2) of liability, that proportion of variation 
in liability due to genetic effects which are directly transmittable to offspring. In 
practice, however, the values of these other variances are not known, and these 
estimates of G and h 2 may be seriously biased. Nongenetic familial effects can be 
eliminated, assuming they are the same for M Z and D Z pairs, by the expression 
2 (rMZ -  rDZ) =  (V A +  f  V D) / V .  (6)
This will overestimate the coefficient of genetic determination if V D (or epistatic 
variance) is important and will approach the heritability if V o  is small. Since non­
genetic familial effects usually give most concern in making genetic interpretations 
from twin studies, the above expression is the best form for interpreting concor­
dance rates in twins. However, because it is twice the difference of two independent 
correlations, its standard error will be about 2\ J 2  times the standard error of the 
individual correlations. Thus a larger set of twin data will be needed to obtain 
precise estimates of the genetic determination of the trait.
C O M P L IC A T IO N S  I N  P R A C T IC E
After the simple outline of the proband concordance rate and its genetic interpre­
tation, now consider some of the complicating factors that often arise in practice.
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Sex  E ffec ts
Any sex difference in frequency of the trait must be taken into account in esti­
mating the correlation between twins. This is done by ensuring that the appropriate 
population frequencies are used to ( 1)  represent affected individuals and (2) repre­
sent the relatives considered. For example, in dealing with female cotwins of male 
individuals, the x  in expression (2a) would refer to the frequency among females 
in the population and the a to the frequency in males. Suppose the frequency is
0.5% in males (x 3I - 2.576, au  =  2.892) and 1.0%  in females ( x F =  2.326, aF~  
2.665), and the proband concordance rate for female cotwins of male individuals is 
10%  (xB =  1.282); the correlation, using equation (2a), is then (2.326 — 1.282)/ 
2.892 =  .36. In expression (2b), the first two x  have to be replaced by xF, giving 
r =  .39. This adjustment for differences in frequency in the sexes corresponds to 
Falconer’s method 3 [5] and to Smith’s formula [ 7, p. 87].
In M Z twins there will then be two estimates (rMM and rFF) and in DZ twins 
four estimates (rMM, 1’u f , r im , r ff) , where the first subscript refers to the individual 
and the second to the cotwin. Any significant difference among these should be 
examined in more detail. Otherwise the estimates can be pooled, weighting them in 
proportion to the inverse of their variances. The genetic interpretation of rm  and 
rDX can then proceed as before.
A ge o f O nset and  S everity
I f  there is variable age of onset or variable severity, the analyses can become 
quite complex. The simplest procedure is to consider the frequencies among indi­
viduals and among cotwins at a certain age, including them in the analysis only if 
they manifested the trait at (or before) that age. The appropriate population fre­
quency at that age would then be required. Analysis at different ages would then 
show the trend in the correlation with age.
A similar procedure could be adopted for degree of severity, including only indi­
viduals and their cotwins with a specified level of severity or worse. Here the cor­
relation can be derived across levels of severity as well as within each level [9]. 
However, such estimates will not be independent.
D iagnosis and  A scerta inm en t
In practice, not all individuals with the trait may be diagnosed, and among those 
diagnosed not all may be ascertained. In addition, different rates of diagnosis and 
of ascertainment may apply to cotwins after one member of the pair has been as­
certained [ 1 1 ] .  These factors can be taken into account easily by the proband 
concordance method and a general form of analysis derived.
Suppose only a proportion (c ) of individuals with the trait in the population are 
diagnosed. A  different rate of diagnosis (c')  may apply to cotwins of ascertained 
individuals. Similarly, among those diagnosed, proportions of individuals ( i t )  and 
of cotwins (7r') may be ascertained. The situation is shown in table 3 in terms of 
individuals and their cotwins rather than twin pairs, in order to give the proband 
concordance rate. It is apparent from table 3 that several different estimates of
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TABLE 3
P r o p o r t i o n s  o f  I n d i v i d u a l s  a n d  T h e i r  C o t w i n s  w i t h  V a r i a b l e  R a t e s  o f  D i a g n o s i s  
a n d  A s c e r t a i n m e n t  f o r  I n d i v i d u a l s  a n d  T h e i r  C o t w i n s
— —
T w i n C o t w i n
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population frequency and proband concordance rate can be derived depending on 
the rates of diagnosis and of ascertainment for individuals and their cotwins. These 
are summarized in table 4. For example, in case 6 the number of individuals ascer­
tained is 2ttcP N ,  where N  is the total number of pairs. From table 3, these indi­
viduals will have a total of 27rcP(%i -f- n 10) cotwins, and 2 ircP (n n ) tt'c' of these 
will also be diagnosed and ascertained with the trait. The proband concordance rate
TABLE 4
F r e q u e n c y  i n  C o t w i n s  ( P r o b a n d  C o n c o r d a n c e  R a t e )  f o r  D i f f e r e n t  R a t e s  o f  D i a g n o s i s  
a n d  A s c e r t a i n m e n t  i n  t h e  P o p u l a t i o n  a n d  a m o n g  C o t w i n s
I n d i v i d u a l s
P o p u l a t i o n
F r e q u e n c y
All with 
Trait





All with t r a i t ................................ P Pjt
(1)
Those diagnosed .................. cP Pr PPr
(2) (3)
These diagnosed and
ascertained ....................... . . .  TTCP Pr c’Pr ir’c’PR
(4) (3) (6)
Appropriate population
frequency for cotwins* . P c'P tt' c'P
* P opulation f r e q u e n c y  w i th  w h ic h  th e  f r e q u e n c y  in  tw in s  s h o u ld  b e  c o m p a re d .
is thus 77V « u / ( « i i  +  % o) =  tt'c'P r , and similarly for the other cases in table 4. 
The other cases, of course, are particular examples of case 6 with one or more of ,
the diagnoses or ascertainment rates equal to unity. An appropriate population fre­
quency for comparison with the cotwins must be used (as already discussed for sex 
differences in frequency) and is also given in the table.
A variety of possible methods in the collection of data on twins can be covered 
by the results in table 4. For example, if the twin data are collected from records, 
then the same levels of diagnosis and of ascertainment will apply to individuals and 
their cotwins; that is, c =  c ' and tt =  tt' .  I f  the cotwin is examined because its twin 
was ascertained, then the diagnosis rate may be higher than in the population, and 
all cotwins will be ascertained. Twin pairs from a twin register will have been as­
certained for other purposes and not through the trait in question. But diagnosis 
may be incomplete and may differ in rate between the twin and cotwin, so that 
case 3 would be appropriate.
P opula tion  F requency
To estimate the correlation between twins, the appropriate population frequency 
for the trait is required. Often this is not given, thus restricting interpretation of 
the results. Cavalli-Sforza and Bodmer [12 ]  propose a method for estimating upper 
and lower limits for the coefficient of genetic determination from the M Z and DZ 
correlations. However, this method ignores nongenetic familial effects and requires 
other assumptions. A more satisfactory empirical procedure would be to determine 
a likely range of population frequency and estimate the correlations and coefficients 
of genetic determination at the upper and lower limits of the range of population 
frequency [ 13 ] .
Correlation and  L eve l o f A scerta inm en t
The proband concordance rate avoids the problems of incomplete ascertainment. 
But the correlation estimates derived may be different at different levels of ascer­
tainment. This is because both the population frequency and the proband concor­
dance rate will be underestimated by incomplete ascertainment (although their 
ratio may be unchanged). Incomplete ascertainment is considered as an additional 
source of “ error”  variance by the liability model and so reduces the estimate of the 
correlation between twins. Thus for P  =  1%  and P K =  5.0% , r  =  .28, whereas if 
both frequencies are halved by incomplete ascertainment, r  =  .23.
The extent of the underestimation of the correlation for a range of correlations 
and population frequencies is shown in figure 1. These results were derived by re­
ducing by the same proportion (.9, .5, or .1)  the frequencies in twins and in cotwins 
for a given correlation and then reestimating the correlation at the reduced fre­
quencies. The true correlations in liability are underestimated substantially at high 
population frequencies and if the diagnosis and ascertainment rates are low. This 
applies both to individual correlations and to the estimate 2 (rMZ — rDz) ■ Thus 
quite different estimates of the correlation in liability might be expected from data 
collected in different ways.
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True population frequency ( percent)
Fig. 1.— Graph sh ow in g  effect o f incom plete rates o f diagnosis and o f ascertainm ent at 
different population frequencies on th e correlation in  liab ility  betw een tw ins.
The level of ascertainment ( 7 7 )  can be found in a way analogous to the proband 
concordance rate, namely as the proportion of affected cotwins who are themselves 
independently ascertained as probands. The observed population frequency and 
proband concordance rate can then be adjusted (by dividing by t t ) to the fre­
quencies expected with complete ascertainment and the correlation in liability 
estimated.
MISAPPLICATIONS
The simple methods of estimation and interpretation of the proband concordance 
rate contrast with others which are still used in the human and medical genetic 
literature. In the next section consider, for completeness, some of the alternative 
measures of concordance. Because these cannot be interpreted simply as a segre­
gation ratio or as a correlation in liability, their phenotypic and genetic interpre­
tation is much more complex and their use should be discontinued.
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The most common measure of twin concordance used in the past is the pairwise 
concordance rate (P w ),  the proportion of concordant pairs among a set of ascer­
tained twin pairs. This measure depends on the rates of diagnosis and ascertain­
ment. I f  diagnosis and ascertainment are complete, P w reduces to P KJ (2  — PB)jS0 
the two expressions of concordance can be derived from each other. If diagnosis 
and ascertainment are not complete, they must be taken into account. The pairwise 
concordance rate can be derived from table 3 and equals P 1 1 { 2 t t ' c ' — nc)/[P n 
(2 — 7t c )  —| - -Pio + -Poi] • This reduces to the expression given by Smith [3] if 
7t ' c ' =  1 and to the previous expression if t t 'c '  —  I f  there is also single
ascertainment ( 7 r c  is very low), then the pairwise concordance rate approaches the 
proband concordance rate. Hrubec [ 1 1 ]  uses another measure of concordance, the 
“ casewise”  concordance rate. This appears to be the above expression with the last 
two terms in the denominator divided by two. I t  does not seem to have any special 
properties of value but approaches the proband concordance rate when tt'c' and ttc 
are close to one.
If ascertainment is not associated with the trait being studied, all types of twin 
pairs have an equal chance of being included in the analysis. Thus there is no as­
certainment bias. This is often the case for twin panels assembled for a series of 
genetic studies. The proband (and pairwise) concordance rates apply as before. 
The overall or total concordance rate (P T) may then be of interest; that is, the 
proportion that 1 1  and 00 concordant pairs are of all pairs so that P T =  P n  +  Poo 
=  1 — 2P (1  — P r ) . It  depends greatly on the population frequency, but may be 
used when the frequency of the trait in the population is intermediate.
H olzinger’s In d ex  o f H er ita b ility  ( I I )
Holzinger [14] proposed an index of heritability (H ) as I I  =  ( I'm  — VMy)j 
Vdz —  (rMz  — i'd z) / (  1  ■— 7'dz), where V u z  and V o z  refer to the variances within 
twin M Z and D Z pairs. A similar index, I I G =  (CMz  — CDZ) / ( 1  — CDZ), was pro­
posed to deal with concordance rates in M Z and D Z twins. These indices are still 
widely used in human genetics and related fields. However, they are arbitrary in­
dices with no specific genetic interpretation, and they may not be comparable in 
different situations. Moreover, they give estimates of “ heritability”  which may be 
quite different from those commonly used in quantitative genetics, so they may be 
misleading and inappropriate.
The relation between the coefficient of genetic determination (G ) and Holzinger’s 
( I I )  is graphed in figure 2 for a range of correlations in M Z and D Z twins. The G 
and I I  values show only small areas of overlap, so the two estimates will often give 
quite different guides to the importance of genetic effects. For example, if rUz — 
and rDZ =  .1 , then G  =  0.8 and I I  =  0.4; while if rM Z=  -8 and rDZ —  .2, then 
G  — 1.20 and H  =  0.75. Similarly, when dealing with variances, the Holzinger H 
estimate may differ substantially from the conventional G estimate.
I t  was shown earlier that the concordance rate had to be expressed as a pheno­
typic correlation in liability between twins in making a genetic interpretation. 
Holzinger’s index of heritability ( I I C) is estimated directly from concordance rates,
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DZ Correlation ( r DZ )
Fig. 2.—E stim ates o f th e coefficient of genetic determ ination  (G ) and o f H olzinger’s ind ex o f 
heritability (H ) from  correlations in  M Z  and  D Z  tw ins. G — 2 (riIZ — 1'd/)> ^  — (ru z  ~~ 
'W  /  (1 — rDZ>-
omits the above step, and leads to quite inappropriate results. This can be shown 
in figure 3 where the H 0 estimate is usually much smaller than the G estimate. The 
values in figure 3 were calculated with G =  rMZ —  2rGz  from table 2. The graphs
Population frequency ( percent )
Fig. 3.—V alues o f H olzinger’s  H c for  various pop ulation  frequencies ( / ’) and coefficients of 
genetic determ ination ( G ) ,  w ith  G =  rMZ =  2rDX — 2 (q 1iZ — rDZ) .
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show that the H 0 index depends greatly on the population frequency and seriously 
underestimates the contribution of heredity in the expression of a trait. Other 
values of rMZ, but with G =  2 (rMZ — rDZ) , were also used and similar results were 
obtained.
DISCUSSION
Interpretation of M Z concordance rates of less than unity has long perplexed 
human geneticists. Since, it is argued, M Z twins have the same genotype, a concor­
dance rate of unity would be expected if the disease were entirely genetic. This is 
true for genetic markers but will not be the case if there is any variability in ex­
pression of the genotype, as in many traits and conditions, or if there are sporadic 
cases. Segregation analysis [IS ] of the twin pairs as families of size two is then the 
appropriate method of analysis estimating concurrently the penetrance, proportion 
of sporadic cases, level of ascertainment, and the segregation ratio.
In familial conditions with multifactorial inheritance, the concordance rate de­
pends on the population frequency as well as on the correlation in liability between 
twins [7]. I f  the population frequency is low, the concordance rate in MZ twins 
will also be low even though there is a high correlation between the twins. Thus the 
apparent dilemma of low M Z concordance rates for rare ( < 1 % )  and “ common” 
( l% - 5 % )  conditions which are thought to be largely genetic in origin can be 
readily explained.
Study of M Z and D Z twins provides a useful tool in assessing the role of heredity 
in the expression of human traits, but it is not surprising that the evidence from 
twins has not been as compelling as might be expected. Different authors collect 
their data in different ways, present their results in different forms, use different 
methods of analysis, and use different forms of genetic interpretation. Thus the 
results and their interpretations are usually not comparable in different studies, and 
often they are not meaningful in genetic terms. Moreover, only rarely are the sam­
pling errors of the estimates computed, and so the degree of confidence to be put 
in any set of results is not known.
To remedy this situation, a standard form of analysis and reporting of twin
studies is proposed based on the results developed in the previous sections. The
suggested rules of procedure are:
1. Measure the population frequency (P ) using the same criteria for diagnosis 
and ascertainment as for the individual twin probands.
2. Measure the proband  concordance rate (P r ) in cotwins, counting pairs once 
for each member individually ascertained.
3. Measure the population frequency (P ')  appropriate for cotwins, using the 
same criteria for diagnosis and ascertainment as for the cotwins.
4. Estimate and rDZ, the correlations in liability for M Z and for DZ twins,
5. Estimate the standard errors of the correlations.
6. Derive the estimate of the coefficient of genetic determination (G) as 
2 {rMz  —  t'nz) with its standard error.
These rules present a minimal set of data and analysis for presentation of genetic
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results in twins. Adjustment of the frequencies (P, P R, and P ')  for incomplete as­
certainment may also be required. The rationale and examples of the different steps 
are given in detail in the paper.
There are many other problems in research with twins which are not discussed 
here, such as zygosity diagnosis, analysis of like-sexed versus unlike-sexed twins, 
and assortative mating, and other problems which are common to all genetic analy­
ses of familial data. Moreover, while concordance rates in twins can be very informa­
tive about the role of heredity in familial traits and conditions, they are unlikely 
ever to be critical in discriminating among different modes of inheritance. Even 
when data from twins are analyzed in combination with data from other kinds of 
relatives, discrimination will still be difficult [9, 16, 17 ] ,
SUMMARY
Proband concordance rates in twins provide estimates of correlation among twins 
in liability to a trait or condition. The correlations in turn can be interpreted 
genetically by the expression 2{rMz — Owe) which eliminates nongenetic familial 
effects on twins and estimates the coefficient of genetic determination for the trait. 
The rates of diagnosis and of ascertainment of individuals and their cotwins must 
also be taken into account, along with other factors such as differences in frequency 
between sexes, variable age of onset, and variable expressivity or severity. A  set of 
rules for the minimal set of data required and for a standard form of analysis is 
presented.
The genetic interpretation of other measures of concordance is difficult and their 
value is questionable. The indices of “ heritability” proposed by Holzinger [ 14 ] , 
widely used by human geneticists, are shown to be unsatisfactory and their use 
should be discontinued.
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A genetic register system (R A P ID )
ALAN E. H. E M E R Y ,*  D O RO TH Y E L L IO T T ,*  M IC H A EL M O O R ES,f and
C H A R LES SM IT H *
S u m m a r y .  Justification is given for establishing a genetic register system as 
a means of ascertaining and preventing genetic disease. Such a computerized 
register system, referred to by the acronym ‘R A P ID ’ (.Register for Ascertainment 
and Prevention of Inherited Disease), has been established in Edinburgh.
The system involves ascertaining individuals in the population at risk of having a 
child with a serious genetic disorder through various record systems and statutory 
registers. Procedures for contacting and following up individuals found to be at 
risk are discussed.
Computer methods for the recording, storage, and retrieval of individual and 
family data are described.
Because of population mobility and the geographical dispersal of family members 
a Genetic Register System is more likely to be effective i f  organized on a national 
basis and the authors would therefore welcome the collaboration of other geneticists 
in this venture.
The effect of genetic counselling in  reducing the 
proportion of cases o f genetic disease in  the popula­
tion has been exam ined theoretically  (eg, Sm ith, 
1970; Motulsky, F raser, and  Felsenstein, 1971) and 
le results of such calculations have show n th a t 
unifactorial disorders offer the best scope in  p re ­
vention. Genetic counselling w ould be expected to 
have much less effect in  reducing the proportion  of 
eases of multifactorial or chrom osom al disorders 
because in general the num ber o f individuals at high 
risk of having affected child ren  in  these families is 
small.
To gain some idea of th e  extent o f the problem , 
families with serious genetic disorders referred  to  the 
Department of H um an  G enetics, E d inburgh , for 
counselling were studied. T h e  results confirmed 
theoretical expectations th a t th e  m ain scope for p re­
venting genetic disease lies w ith  the  simply in ­
herited disorders (Em ery and Sm ith, 1970). 
Secondly it was found  th a t only a relatively small 
proportion (14%) of individuals at risk o f having 
feted children (or carrier daughters in  the case of 
X-iinked disorders) in  these families w ere referred
Received 15 November 1973.
'University Department o f  Hum an Genetics, Western General 
Hospitals Edinburgh.
i Regional Computing Centre, Kings Buildings, Edinburgh.
specifically for genetic counselling (Em ery, 1972). 
M any affected children were born  to parents who, 
a priori, were at high risk of having affected children 
b u t had  never been counselled and w ere therefore 
unaw are of the risks. O thers w ere referred  for 
counselling only after the b irth  o f an affected child 
w hich m ight otherwise have been prevented.
T h u s it seem ed to us tha t, on the basis o f these 
findings, a greater proportion  of cases o f serious 
unifactorial disorders m ight be prevented  if  m ore 
individuals at risk in  the population could be ascer­
tained so tha t they m ight be given appropriate 
genetic advice. A t p resent there is no defined p ro ­
cedure for tracing and following up such individuals, 
and it was decided th a t an answer to  this problem  
m ight be found  in  the use o f a genetic register 
system.
In  recent years a num ber o f investigators have 
argued the need  for some form  of genetic disease 
register (M iller, 1964; N ewcom be, 1966; Renwick, 
1968; M cK usick, 1969; W ertelecki, Law ton and 
G erald, 1969; O liver, 1970; W elch, 1972). M ost 
o f these reports however, have been concerned w ith  
identifying affected individuals for welfare purposes 
or for research. Yet a m ore pressing problem  is the 
need for a register system to help trace individuals 
at risk so tha t they can be counselled (Oliver, 1970;
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W elch, 1972). A  recent report of a W H O  Scientific 
G roup (W orld H ealth  Organization, 1972) has in  
fact recom m ended th a t m edical genetics centres 
should set up registers o f genetically determ ined dis­
orders for this reason. Such a register was initiated 
in  this D epartm ent in 1970, and is referred to  by the 
acronym R A P ID '. .Register for the A scertainm ent 
and Prevention of Inherited  Disease. F or ease of 
storage, updating, and retrieval of fam ily data it has 
been necessary to com puterize the register system.
O rgan ization  o f  a G enetic  R eg ister  S y stem
T he first step in  establishing the G enetic Register 
System was the ascertainment o f individuals at high 
risk (greater than  1 in  10) of having a child w ith a 
serious genetic disorder where counselling w ould be 
appropriate. A scertainm ent o f such individuals 
depends prim arily upon the detection of affected 
individuals w ithin the population. T h is  inform a­
tion may be obtained directly or indirectly. T h e  
m ore usual direct m ethod of ascertainm ent m ay be 
th rough  population screening program m es or as a 
result o f routine diagnosis w hen a disorder is recog­
nized to  be genetic and the individual is then  referred 
by the general practitioner or hospital consultant.
W ith  few exceptions (eg, phenylketonuria) popula­
tion screening for unifactorial disorders is impracti­
cal because o f their rarity . Individuals at risk can 
also be ascertained indirectly from  data stored in 
o ther record  systems and  registers, such as hospital 
in -patien t records, various public health records, and 
certain sta tu tory  registers (Fig. 1). The relative 
values o f these various sources will be discussed 
later.
T h e  second step in  the genetic register system 
was the assessm ent o f the risks o f ascertained indi­
viduals having affected children. These risks are 
based upon  genetic principles or empiric risks 
(Sm ith , H ollow ay, and  E m ery, 1971).
T h e  th ird  step was th e  developm ent of procedures 
for contacting and  following up  individuals who 
w ere considered to be at h igh risk of having an 
affected child. T h is  presen ts perhaps the most 
difficult problem . A fter careful consideration we 
have adopted the following procedures which we 
feel offer pro tection  to th e  individual’s right to 
privacy yet have proved practical in  operation. In 
the case o f families ascertained th rough  individuals 
referred  directly  to  th e  genetic clinic, other family 
m em bers deem ed to  be at risk are contacted only 
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the clinic. W hen this perm ission is given then  
relatives at risk are contacted, no t directly, bu t 
through their general p ractitioner. T h is  is con­
sidered important as there  m ay be factors unknow n 
to the geneticist or individual seen in the clinic 
which might make it unnecessary or even im pruden t 
to contact certain fam ily m em bers. T h e  relative’s 
general practitioner can be identified provided the 
name and address o f th e  relative is know n because 
each local Executive C ouncil (N ational H ealth  
Service) holds a list o f patients in  any particu lar area 
along with the practitioners w ith  w hom  they  are 
registered.
In the case of individuals ascertained in  other 
«ays, they are no t approached w ithout first obtain­
ing the permission o f their practitioner and often 
the consultant as well.
The problem w hether individuals should be told 
they are at risk of having an affected child w hen this 
information has no t been requested  has recently 
been considered at length  bo th  from  th e  ethical 
(Lappe, Gustafson, and R oblin, 1972) and  scienti­
fic (Littlefield, 1972) points o f view. W e feel tha t 
parents have a righ t to know  these risks. H owever,
we also believe th a t the general practitioner is 
usually a good guardian of the individuals’ interests 
in  this regard. A discussion of th e  genetic risks 
and their im plications first betw een the geneticist 
and the practitioner is therefore, in our opinion, the 
best approach to  th e  problem . In  the case of ind i­
viduals ascertained indirectly th rough  o ther regis­
ters and  record systems it also allows the geneticist 
to  determ ine how precisely a particular diagnosis has 
been established.
R ecord in g , S torage , and  R etr iev a l o f  
F a m ily  D ata
D ata on all ascertained individuals and  the ir rela­
tives deem ed to be at risk are recorded on specially 
designed cards. F or each individual there  are four 
cards (see A ppendix): the first deals w ith personal 
details, the  second w ith  disease details, th e  th ird  
w ith  medical (general p ractitioner, consultant, and  
hospital) details, and the fou rth  w ith  genetic de­
tails. T he  inform ation is vetted, encoded, and  then  
stored in  the  com puter file. A pedigree is taken at 
interview  bu t this is no t stored in  the com puter
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F ig . 2. Simplified outline o f the R A P I D  system.
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since it is no t essential to the system , though  this 
inform ation can be com puterized if  necessary 
(K rush et al, 1970).
Each family is allotted a code num ber (eg, 247/-) 
and each individual at risk in  the fam ily is then  num ­
bered accordingly starting w ith the first individual 
contacted (eg, 247/1). Specific disorders are coded 
by adding a fifth digit to the code given in  the In te r­
national Classification of Diseases (IC D ). T h is 
may prove somewhat restrictive in  the fu ture  as the 
num ber o f recognized genetic disorders increases 
bu t it has proved simple and convenient in  use over 
the last 3 years. A  coding based on the IC D  has the 
advantage tha t it includes both  m ultifactorial as well 
as unifactorial disorders. A n example of th e  ex­
tended IC D  coding is illustrated  in  the case o f the 
spinal m uscular atrophies (330-1):
Infantile type 330-11
Interm ediate type 330-12
Juvenile type 
A dult type 
D istal type
T he code num bers for families, individuals in  the 
families, and diseases are used in  all subsequent 
m anipulations of the data. A com puter program  
for recording and retrieving individual and fam ily 
data has been produced, details o f w hich are avail­
able (M oores, 1972). T h e  file system  is at p resent 
capable of storing data on betw een 25 and 30 th o u ­
sand individuals. Access to  the data is th rough  a 
teletype term inal using the  E d inburgh  M ulti- 
Access System (EM AS) on an IC L  4-75 com puter.
Because of the need to  m aintain  stric t confi­
dentiality of the inform ation in  the register a n u m ­




the system. Access to the system  by anyone work­
ing w ith  the register is only possible when a valid 
passw ord A has been used (Fig. 2). One may then 
directly  choose to  am end the  file data. Since this 
does no t involve data retrieval, no further checks of 
th is subsystem  are necessary. If, however, the 
operator wishes to  retrieve data the request must 
first be checked for its validity, ie, correct family 
nam es, num bers, and  disease code, etc. A legiti­
m ate user m ay on occasion m ake an error, and for 
th is reason an error count is introduced into the 
system. F inally, a second passw ord B is needed. 
T h is  allows data to  be retrieved at different levels 
depending on the particu lar operator’s password. 
F o r exam ple th e  clinician dealing w ith a family has 
access to  all the  genetic and  m edical information on 
the  individuals in  th e  fam ily. O n the other hand a 
genetic field w orker who is concerned with tracing 
relatives m ay only retrieve pedigree data.
I t  m igh t be considered th a t such a system of 
checks is excessive. W e feel it is necessary in view 
o f th e  p resen t justified concern over patient con­
fidentiality, and  particularly  since information about 
inherited  disease could be subject to  possible mis­
use m ore th an  purely  clinical inform ation would be. 
F o r exam ple, w ith in  th e  register there is inform­
ation on individuals w ho, th ough  perfectly healthy 
at p resen t, m ay be at risk  o f developing a genetic 
disorder in the fu tu re  (eg, m yotonic dystrophy or 
H un tin g to n ’s chorea). I f  th is liability were known, 
perhaps to a prospective employer, this might 
be to  the ind iv idual’s disadvantage. Information 
about any indiv idual in th e  register is only released 
to  physicians and  m edical geneticists who are 
d irectly involved in  the m anagem ent of the patient 
and  his family.
T A B L E  I
SOURCES OF RECO RDS SUR V EYED  FO R  SER IO U S G E N E T IC  D IS O R D E R S  A N D  N UM BERS  
OF IN D IV ID U A L S  SELEC TED  FO R  C O N T A C T  T H R O U G H  T H E  R E G IST E R  SY STEM  
(Psychiatric disorders excluded)
Source Period Covered N o. of 
Records Surveyed
N o. Selected




Children 4325 67(1-5% ) 
184 (0-8%)Total 21,953
Public H ea lth  Registers (City of Edinburgh)
‘At risk’ 1964, 1969-70 4837 68  (1-4%)
M entally handicapped 1964, 1967-72 285 33 (11-6%)
Physically handicapped 1964, 1967-72 180 53 (29-4%)
Chronically sick and disabled 1972-73 4868 161 (3-3%)
S pec ia l Schools
Donaldson’s School for the D eaf, Edinburgh 1960-67 150 26 (17-3%)



















































































F e a s ib i l i t y  o f  a G en etic  R eg ister  S y stem
The feasibility o f various aspects o f th e  R A P ID  
system is currently u n d er investigation, b u t lim ited 
so far to individuals and  th e ir families residing in 
this region.
A n  attempt has been m ade to  assess w hich sources 
of patient data are likely to  yield th e  greatest n u m ­
ber of individuals at risk of having affected children. 
Obviously special clinics for particu lar genetic dis­
orders (eg, haemophilia) and referrals to the genetic 
clinic yield a large num ber of families in  w hich there 
are individuals at risk (E m ery and  Sm ith , 1970). 
Screening of other registers and record  system s, by 
¡CD coding and diagnostic classification of diseases 
feiy to include genetic disorders (T able  I), ind i­
cates that some sources (eg, registers for th e  m entally 
and physically handicapped) m ay be  potentially  
more fruitful than  others (eg, ‘a t risk’ registers). 
School health records have been  found  to  be a 
relatively poor source o f m aterial because of the 
comparative lack of inform ation  on w hich to  deline­
ate genetic disorders.
It is to be expected th a t th e  com parative p ro ­
portions of ascertained individuals w ith  serious 
genetic disorders w ill vary w ith  the designation and 
catchment area of a particu lar hospital and  will 
probably be greatest in  the  case of children’s hospi­
tals. However, w ith in  th is region our experience 
indicates that general hospitals can be usefully su r­
veyed when statistics are com puterized and facili­
ties exist to examine relevant case records.
The ascertainment, tracing, and  contacting of 
individuals who had  been previously seen in  the 
genetic department has been com paratively easy 
I because, detailed inform ation was already known 
iboutthem. W e have so far been  able to  trace over 
¡0% of those individuals who we have w ished to  
contact. Of these alm ost all have been co-operative 
tnd where relevant (ie, w ith  a relative at h igh risk 
residing in this region) have given perm ission for 
their relatives to  be approached.
With regard  to  in d iv id u a ls  a s c e r ta in e d  fr o m  
w ees other th a n  th e  g e n e t ic  d e p a r tm e n t ,  as w o u ld  
k expected m a n y  w e r e  u n a w a r e  o f  t h e  f u l l  im p l ic a ­
tions o f th e  h e r ita b le  n a tu r e  o f  th e ir  d is o r d e r .  
Nevertheless a fter  d is c u s s io n  p e r m is s io n  to  a p ­
proach rela tives h a s  s o  fa r  b e e n  o b t a in e d  in  o v e r  
| tree quarters o f  t h e s e  c a se s .
These are prelim inary findings and  it is appreci- 
ttd that much m ore inform ation will be needed to 
determine fully the feasibility o f the register system.
Further U ses o f  a G en etic  R eg ister  S y stem
, Apart from th e  prevention of genetic disease, a
genetic register system  could be valuable in  a 
num ber o f o ther ways w hich have been enum erated  
by M cK usick  (1969). By ascertaining individuals 
at risk of developing a serious genetic disorder, or at 
risk of having affected children, th is could lead to 
early and correct diagnosis and  even the institu tion  
of p roper treatm en t in  rare genetic disorders. I t  
could also be o f value in  alerting individuals w ith 
inherited  susceptibilities to drugs and for detecting 
and eradicating life-threatening com plications o f 
genetic disease, such as intestinal m alignancy in 
polyposis coli. M any  of these functions, how ever, 
m ight only be realized if  a genetic register system  
w ere linked to o ther health  records.
A linked system of health  records has been advo­
cated for m any purposes (Acheson, 1967) including 
th e  prevention of genetic disease (W elch, 1972). 
Linkage o f various hospital and public health  records 
w ith a genetic register system  could be valuable in  
a num ber o f ways. F o r example, th rough  linkage 
w ith  hospital in -patien t records, inform ation on an 
individual know n to be at risk o f developing a 
serious genetic disorder could be m ade available to 
the hospital consultant w hich m ight be helpful in  
diagnosis and  m anagem ent o f the patient. H ow ­
ever, though  linkage w ith other health  records could 
be valuable, m any of the functions o f a genetic 
register system  in  disease prevention are n o t de­
penden t on such linkage.
Finally, because of population m obility and the 
geographical dispersal o f fam ily m em bers, a 
genetic register system  is m ore likely to  be 
effective if  organized on a national basis. C ollabora­
tion  betw een genetic centres in  different parts o f the 
country  w ould therefore be im portant.
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APPENDIX
‘R A P I D '  C L I N I C A L  R E C O R D  C A R D S
Card 1—Personal D etails
Field Content Cols Coding
Card number 1 1
Family number 2 - 6
Individual number 7 -8
Old/new record 9 O— Old, N — N ew




Sex 34 M — M ale, F— Female
Marital status 35 S— Single, M — Married, 
W— W idowed,





Father’s initials ( if  a child) 42-43
Address ( +  postal code) 44-72
Card 2—D isease D etails
Field Content Cols Coding Field Content Cols Coding
Card number 1 2 M ode o f inheritance 41-42
Family/Individual number 2-9 As for card 1 Data ascertained M onth 43-44
Disorder 10-28 Year 45-46
Code number 29-33 How ascertained 47-48 GP— Practitioner
Mode o f inheritance 34-35 A D — Autosomal dominant CO— Consultant
AR— Autosomal recessive GR— Genetic register, etc
X R— X-linked SE— Self
CH— Chromosomal Num ber o f affected relatives
CX— Complex, Parents 49
multifactorial Sibs 50
N R — N ot resolved U ncles, aunts 51
N I—N ot inherited N ephews, nieces 52
ZZ— N ot known Grandparents 53
Grandchildren 54











ea rc h  in 
'« .) , 51,
>mputer-
Excerpia




Card 2—D isease D etails— continued
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Field Content Cols Coding Field Content Cols Coding
Self
56 A— Affected Future children:
H — H igh risk o f being 
affected 
L— Low risk o f being 
affected 





H — High  
M — M edium  
L — Low  
N — N ot at risk
Number of living children^
57
Follow-up By 67 G— GP 
C— Consultant
At risk 58 F— Family
Normal 59 Reason 68 D — Diagnosis




Normal 61 Date o f follow up
Adopted children 62
N — N o  
D — Dead
M onth 69-70
Information up-to-date 63 Year 71-72
Card 3—M edical Details
Field Content Cols Coding
Card number 1 3
Family/individual number 2 -9 As for card 1
General practitioner
Initials 10-11
Surname 1 2 -2 2
Address 23-45
Contacted 46 Y, N









Contacted 71 Y, N
Attitude 72 As for col. 47
Card 4—Genetic D etails
Field Content Cols Coding Field Content Cols Coding
Cird number 1 4 Counselling
Family/individual number 2 -9 As for card 1 Advice (1) 49-50 RE— Reassurance
Employment 10-21 SA— Selective abortion
Social class 22 AI— Artificial insemination, 
etc
•‘Other’s birth year 23-24 Advice (2) 51-52
Mother’s birth year 25-26 Method 53-54 F L — Family limitation
Maiden name 27-34 ST — Sterilization
0*n or mother’s maiden AB—Abortion
name 35 SA— Selective abortion, etc
Visit details Attitude 55 As for card 3 (col. 47)
Visit Num ber 36 Children wanted 56 Y, N
Date Day 37-38 Comments 57-70
M onth 39-40 Race 71 C— Caucasian
Year 41-42 N — Negro
Seen By 43-44 Clinicians initials M — M ongolian, etc
For 45-46 D I— Diagnosis 
CO— Counselling 
FO— Follow-up  
O T — Other
Religion 72 P— Protestant 
C— Catholic 
J— Jewish, etc
------------ At 47-48 As for card 3 (cols. 48-49)
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Letters to the E d ito r '
SOME IM PLICA TION S O F H L-A  AND 
DISEASE A SSO C IA TIO N S
’■ -The numerous reports of associations between 
a ¿»compatibility loci (HL-A) and various familial 
"osés*have important implications in medical genetics, 
t.. of the confirmed associations l >* are summarised in 
IAccompanying table, but at least another 10 conditions
0 !  CONFIRMED A SSO CIA TIO N S O F  H L - A  T Y P E  W IT H  
SEVERAL F A M IL IA L  DISEASES
H L -A H o. of N o. o f
Percentage 
with H L -A  type
Ditcase type reports cases
Cases Con­
trols
çLiyiitb ‘ . . 27 2. 115 93 5
a interior
ÿjiUJ .. 27 2 61 5 9 . 5
: disease . . 27 1 33 76 9
&disease* .• 8 8 525 79 27
SBîÜÜS
icpdiormis .. 8 2 63 63 29
,iithenia gravi».. 8 2 63 57 21
1 2 63 56 25
Ùlil .. 13 2 200 18 5
\V17 2 200 25 6
Üj!c_
¿aosi»* 3 1 107 37 25
7 1 107 40 26
L D -7a f 1 2 S 70 16
* Not confirmed, f  Lym phocytc-dcfincd determinant.
ticlso been associated with K L-A  loci. Some implica­
te :
[S m g th  o f  a s s o c ia t i o n .— T h e s e  K L - A  a sso c ia tio n s  a rc  
¿stronger than  a n y  f o u n d  p re v io u s ly  w ith  o th e r  g e n e tic  
¿os, such as th e  b lo o d -g ro u p s  (see  ta b le ) .
A Genetic disease.— T h e  H L - A  a sso c ia tio n s  s h o w  th a t  th e se  
:h! diseases have  a n  im p o r ta n t  a n d  id e n tif ia b le  g e n e tic  
-jcacnt. This w id en s  th e  d e f in it io n  o f  g e n e tic  d isea se  fro m  
:i»c to rare ab n o rm a l g e n e s  to  th a t  d u e  ( a t  lease p a r t ly )  to  
d  genes at in te rm e d ia te  f r e q u e n c ie s . T h e s e  r e p r e s e n t  a 
act genes w hich w as n o t  p re v io u s ly  r e g a rd e d  as im p o r ta n t  
-d;cal genetics.
■ iImzyjjotcs.— In d iv id u a ls  a ffe c te d  b y  th e  d isea se s  s tu d ie d  
«to be p red o m in an tly  h c tc ro z y g o tc s  fo r  th e  H L - A  ty p e  
wed, rather th a n  h o m o z y g o tc s . A rc  h o m o z y g o tc s  n o t  a t 
r.sk ? O r do th e y  m a n ife s t  a n o th e r  m o re  se v e re  fo rm  o f
■‘Mtrcncc.— O n ly  a  sm a ll p ro p o r t io n  o f  in d iv id u a ls  w ith  
aL-A type in vo lved  s e e m  to  m a n ife s t  th e  c o n d i tio n . T h u s  
-Lace is usually lo w — e.g ., 8 %  in  m a le s  a n d  1%  in  fem ales  
posing sp o n d y lit is .1 S u c h  lo w  p c n c tr a n c e - r a tc s  fo r  a 
■Locus have n o t b ee n  p re v io u s ly  r e p o r te d  in  m a n .
"Mlut-.on o f  h e t e r o g e n e i t y . — U s in g  th e  H L - A  ty p e  as a 
-0 marker it m ay  b e  p o s s ib le  to  s p l i t  u p  a d isea se  in to  
-“•t genetic (a n d  rn o n -g c n c t ic )  g r o u p s ,  so re s o lv in g  a n y  
^cacity.1
■ ficaa iion  o f  d i f f e r e n t  d i s o r d e r s .— T h e  sam e  H L - A  ty p e  
a- involved ;n  a g ro u p  o f  a s s o c ia te d  d is o rd e r s  (sec  ta b le ) . 
> S1W oi fam ilia r  a s s o c ia tio n s , r isk s , a n d  ca u ses  fo r  th e  
;«• conditions m a y  th e n  b e  u n d e r s to o d  a n d  e x p lo ite d . 
.^w ps a t  r i s k . — Id e n t ify in g  g ro u p s  a t  r is k  th r o u g h  th e ir  
type may be u s e fu l in  th e  fo llo w in g  w a y s : in  in itia l 
M horindividuals w ith  p rc c l in ic a l s y m p to m s ;  in  c p id c m io -  
V ^ rc h ; an d  in  g e n e tic  c o u n s e l lin g .
n o d c is .— D e m o n s tr a t io n  o f  a  lo c u s  w ith  a  m a jo r  
^several d iso rd e rs  b u t  w ith  low  p e n e tr a n c e  w ill in f lu e n c e  
•■  ̂0i m odels in  g e n e tic  a n a ly s is . I t  h a s  p ro v e d  d iff ic u lt 
-■•«-annate b e tw e en  m u l tif a c to r ia l  a n d  u n ifa c to r ia l  m o d e ls  
penetrance.* M o re  p o w e r fu l s ta t is t ic a l  m e th o d s  a rc  
‘s l o p e d . A  c ru c ia l te s t  o f  th e i r  u t i l i ty  w ill b e  w h e th e r
th e y  can  d e m o n s tra te  u n e q u iv o c a lly  a m a jo r  lo c u s  e ffec t fo r 
d isea se s  w ith  a  k n o w n  H L - A  a s so c ia tio n .
Other aspects involve the nature and cause of these 
associations, their selective effects, and the origins and 
maintenance of the HL-A polymorphisms. Clearly the 
H L-A  associations promise many applications in medical 
genetics.
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Risk tables for genetic counselling in some 
common congenital malformations
C A T H E R IN E  B O N A IT I-P E L L IÉ * and C H A R L ES SM IT H
University Department of Human Genetics, Western General Hospital, Edinburgh EH4 2HU
S u m m a r y . Tables of estimated recurrence risks for some 180 specific family 
histories are presented for three common congenital malformations. It is hoped 
that the tables will provide standards and be useful in genetic counselling.
In  genetic counselling, estim ation of recurrence 
risks for the comm on congenital m alform ations de­
pends on the em piric risks since the m ode o f in ­
heritance is usually no t known. H owever, the 
recurrence risk in  any particular family depends on 
the family history, the sex of affected individuals, on 
the severity o f the disease in  the family, and  on 
several other factors. T h e  object o f this paper is to 
describe the derivation of a set o f tables o f recu r­
rence risks estim ated from  a m ultifactorial m odel of 
liability to the m alform ation (Falconer, 1965/1966). 
I t  is hoped that these tables will be useful to clini­
cians and provide standards for genetic counselling 
in these disorders.
M ateria l
To estimate recurrence risks with the multifactorial 
model two statistics are required, namely the frequency 
of the condition in the population and the frequency in 
first-degree relatives of affected individuals. Data on 
these for three common congenital malformations in 
England are given in Table I. Estimates of the correla­
tion in liability between first-degree relatives can be read 
from Fig. 1 in Smith (1970/1971) or derived from for­
mula (3) in Reich, James, and Morris (1972/1973).
A method to derive the recurrence risks with the 
multifactorial model has been given by Smith (1971a). 
Information about affected first-, second-, and third- 
degree relatives and about unaffected relatives can be in­
cluded. The method can handle differences in fre­
quency between sexes and take account of different 
severity-age classes. The computer program RISK M F 
(Smith, 1972) is used to derive the risk estimates. De­
tails of family history are given, listing for each person
Received 27 April 1974.
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the sex, disease status, and relationship to the person at 
risk.
The number of possible family histories that could be 
considered had to be limited. Preliminary trials showed 
that inclusion of unaffected second- and third-degree 
relatives was not important in affecting the recurrence 
risks. Moreover, for first-degree relatives, the change in 
recurrence risk with n normal relatives was approxi­
mately n times the change for one normal relative. Thus 
a wide variety of families with n normal relatives could be 
covered by extrapolation. Similarly, the sex of affected 
second and third degree relatives did not affect the risks 
very much, so could be ignored. By contrast, the risks 
were influenced to a much greater extent by whether 
affected individuals were on one or on both sides of the 
pedigree, so this was taken into account.
R esu lts
T h e  estim ated recurrence risks for the three con­
genital m alform ations in  T ab le  I  are given in Tables 
I I ,  I I I ,  and IV ; these tables are in  the form of out­
p u t by the  com puter. E ach table lists the mal­
form ation studied , the au thor, country and date of 
the report, the  frequency for each sex and for sexes 
com bined, and  the estim ated correlation in liability 
betw een first-degree relatives. T here are four 
m ain colum ns, for th e  four possible parental types, 
and  27 rows for the various family histories within 
parental type. Each m ain colum n is separated 
into two secondary colum ns giving the risks with a 
paternal or w ith a m aternal relative affected.
As an example o f extrapolation to  other families 
consider a fam ily w ith  cleft lip  ±  cleft palate (Fig. 1). 
T h e  nearest situation is line 11, T able II, with a 
risk of 21-6%  (ignoring th e  paternal affected rela­
tive). T h e  existence of two unaffected sibs lowers 
th e  risk by 2 x 2 - 2 %  (line 12-line 13), while the 
existence o f the affected paternal relative increases
374
Risk tables fo r  genetic counselling in some common congenital malformations 375
T A B L E  I
FREQUENCIES O F T H R E E  C O M M O N  M A L FO R M A T IO N S IN  E N G L A N D , A N D  E ST IM A T E S OF T H E  
C O R R E L A T IO N  IN  L IA B IL IT Y  A M O N G  F IR ST -D E G R E E  RELATIV ES
Malformation Author







Cleft lip ± cleft palate Carter (1965; 1969) 0 1 0 0 1 3 0 0 7 3-1 (S, O) 0-42 ± 0 0 2 0
Pyloric stenosis Carter and Evans (1969) 0-30 0-50 0-10 4-0 (S , O, P) 0-37 ± 001 3
Anencephaly and spina bifida Carter and Evans (1973) 0-29 0-21 0-38 4-4 (S) 0-39 ± 0-019
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T A B L E  I I
R EC U R R EN C E R ISK S (%) FOR M U L T IFA C T O R IA L  IN H ER ITA N C E  
Cleft lip ( +  or — ) cleft palate in England (Carter, 1965; 1969)
Neither Affected Father Affected Mother Affected Both Affected
Pat Mat Pat Mat Pat Mat Pat Mat
No sibs 0-1 3 0 3-5 35-4
IsibU 0-1 2-8 3-2 32-3
lMsib A 2-6 1 0 0 10-8 40-8
1F sib A 3 1 10-9 11-8 41-6
IFsib A + l sib U 2-9 9-8 10-6 38-9
2 M sibs A 8-1 18-1 18-9 44-4
1M+1 F sibs A 8-8 191 19-9 45-1
2 F sibs A 9-5 20-1 20-9 45-7
2 F sibs A + l sib U 8-8 18-2 18-9 43-1
12nd-degree relative A 0-6 0-7 3-8 12-4 13-6 4-4 40-0 4 0 0
IMsib+l 2nd A 5-2 5-3 11-4 21-6 22-8 1 2 1 44-7 44-2
IFsib + l 2nd A 5-9 6 1 12-4 22-7 23-9 131 45-4 44-9
IFsib+l 2nd A + l  sib U 5-4 5-6 1 1 1 20-5 21-6 11-8 42-6 42-1
2 sibs+1 2nd A 13-1 13-3 21-0 29-6 30-3 21-5 48-6 48-0
2 sibs +1 2nd A + l  sib U 11-9 12-2 19-1 27-3 28-1 19-6 45-6 45-1
13rd-degree relative A 0-3 0-3 3-6 6-4 7-3 4-1 38-7 38-8
IMsib + l 3rd A 3-8 3-9 1 1 0 15-0 1 60 11-7 43-5 43-2
IFsib+l 3rd A 4-4 4-5 11-9 16-0 17-1 12-7 44-3 43-9
IMsib+l pat 2nd + 1 3rd A 6-3 7-8 12-3 17-0 27-5 24-4 47-2 47-2
1 Al sib +1 mat 2nd +  1 3rd A 7-9 6-6 23-4 26-4 17-8 12-9 47-0 46-3
¡Fsib + 1 pat 2n d+  1 3rd A 7-1 8-6 13-3 181 28-6 25-6 47-9 47-9
Fsib+1 mat 2n d +  1 3rd A 8-7 7-4 24-6 27-6 18-9 13-9 47-7 47-0
F sib +1 3rd A + l  sib U 4-1 4-2 10-7 14-3 15-3 11-4 41-4 41-2
• sibs+1 3rd A 11-2 11-4 20-5 24-4 25-0 21-1 47-5 47-1
2 sibs +1 3rd A + l sib U 10-3 10-4 18-6 22-2 22-9 19-2 44-6 44-3
afs+1 pat 2nd+  1 3rd A + 1 sib U 13-4 151 19-9 24-0 31-8 29-5 47-8 47-8
*sibs+l mat 2nd+  1 3rd A + 1 sib U 15-2 13-8 28-9 3 1 0 24-5 20-3 47-6 47-0
--------------------------------------------------------------------------
Frequency (% )
Correlation between first-degree relatives (%)









M=male; F =  female; A = affected; U  =  unafFected; pat =  paternal; mat = maternal.
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T A B L E  I I I
RECURRENCE R ISK S (%) FOR M U L T IF A C T O R IA L  IN H E R IT A N C E  
Congenital pyloric stenosis in  England (Carter and Evans, 1969)
Parents
N either Affected Father Affected Mother Affected Both Affected
Pat Mat Pat Mat Pat Mat Pat ~ ~ ~ m
N o sibs 0-3 3-7 5 1 29-8
1 sib U 0-3 3-4 4-7 27-1
1 M  sib A 3-2 10-2 1 2 1 35-3
1 F sib A 4-6 12-8 14-8 37-8
1 F sib A + 1 sib U 4-3 11-6 13-5 34-9
2 M sibs A 8-6 17-3 19-0 39-6
1 M + 1 F  sibs A 10-7 20-2 21-7 42-0
2 F sibs A 13-0 23-1 24-5 44-2
2 F sibs A + 1  sib U 11-9 21-0 22-5 41-2
1 2nd-degree relative A 1-1 1-2 5 1  11-0 13-6 6-7 35-4 44.9
1 M  sib + 1 2nd A 5-7 6-1 12-4 18-8 21-2 14-1 40-5 39.5
1 F sib 4-1 2nd A 7-6 8-1 15-3 21-9 2 4 1  16-9 43-0 42A
1 F sib + 1 2nd A + 1 sib U 7-0 7-5 13-7 19-8 2 2 0  15-3 39-8 39-0
2 sibs 4-1 2nd A 13-5 14-1 21-7 27-6 29-1 22-9 45-9 44.8
2 sibs + 1 2nd A + 1 sib U 12-4 13-0 19-7 25-1 26-8 20-9 42-6 41-7
1 3rd-degree relative A 0-6 0-6 4-5 6-8 8-8 6-1 33-1 330
1 M  sib 4  1 3rd A 4-5 4-7 11-5 14-4 16-6 13-4 38-4 38-0
1 F sib 4-1 3rd A 6-2 6-4 14-3 17-4 19-5 16-2 41-0 40-5
1 M sib + 1 pat 2nd 4-1 3rd A 7-0 8-2 13-7 17-2 25-4 23-1 43-6 43-4
1 M  sib + 1 mat 2nd 4-1 3rd A 8-4 7-8 20-9 23-3 19-1 15-2 42-9 42-0
1 F sib + 1 pat 2nd + 1 3rd A 9-2 10-6 16-7 20-5 28-4 26-1 46-0 45-8
1 F sib 4  1 mat 2nd 4  1 3rd A 10-8 10-1 24-2 26-5 22-2  18-1 45-3 44-3
1 F sib 4  1 3rd A 4  1 sib U 5-7 5-9 12-9 15-7 17-7 14-7 37-8 37-5
2 sibs 4  1 3rd A 11-9 12-3 20-8 23-7 25-2 22 1 44-0 43-4
2 sibs 4  1 3rd A 4  1 sib U 11-0 11-3 18-8 21-5 23-1 20-3 40-8 40-4
2 sibs 4  1 pat 2nd 4  1 3rd A 4  1 sib U 14-0 15-4 21-0 24-2 30-3 28-5 45-2 450
2 sibs 4  1 mat 2nd 4  1 3rd A 4  1 sib U 15-6 150 27-1 29-0 25-4 21-9 44-6 43-7
B o th  Sexes A ia les  Fem ales  
Frequency (%) 0-30 0-50 0 10
Correlation between first-degree relatives (%) 37-0 37-0 37-0
the  risk by 1-4% (line 11-line 3). P u tting  these to ­
gether gives an approxim ate risk o f 18-6%.
D iscu ssio n
T he basic assum ption underlying these risk esti­
mates is tha t there is underlying continuous liability 
to the m alform ations. T h e  derivation of th e  re­
currence risks then  depends on the estim ated pheno­
typic correlation in  liability am ong first-degree rela­
tives. A genetic in terpretation  is no t necessary 
(though the correlations am ong different relatives 
are assumed to be proportional to  their degree of 
genetic relationship) so the m ethods apply to  any 
familial disease w ith an underlying liability.
O ther methods of estim ating recurrence risks have 
been proposed. M orton (1969) suggested that 
where risks were variable betw een sibships, the dis­
tribution  of risks m ay be represented by a beta dis­
tribution. Sm ith (1971a) com pared risks estim ated 
from the beta distribution and from  the  m ulti­
factorial m odel and found good agreem ent for the 
two models. Similarly, it is difficult in practice to 
discriminate between a m ultifactorial m odel and a
unifactorial m odel w ith  incom plete penetrance 
since the  different m odes of inheritance lead to simi­
lar frequencies in  relatives (Sm ith , 1971b). Thus 
th e  choice of the correct m odel in  estimating re­
currence risks m ay no t be critical, because different 
m odels lead to  substantially  th e  same risk estimates. 
T h e  m erits o f the risk tables p resented  here may be 
th a t th e  risks are derived in  a clearly defined manner 
and  so m ay provide useful standards for genetic 
counselling. Eventually  w hen sufficient data has 
accum ulated on families w ith  these congenital 
abnorm alities, the reliability o f the estimated risks 
can be assessed, and  the ir accuracy further im­
proved.
T ables have also been derived for a further eight 
congenital abnorm alities (cleft palate, club-foot, 
dislocation o f the hip, H irschsprung’s disease, coe- 
liac disease, aortic stenosis, atrial septal defect, and 
ventricular septal defect) and are available on re­
quest. H ow ever, there  is considerable variation in 
th e  frequency o f all these congenital abnormalities 
am ong regions, countries, and  races. Tables of 
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R EC U R R EN C E R 
Spina bifida +
TABLE IV
ISK S (%) FOR M U L T IF A C T O R IA L  IN H E R IT A N C E  
anencephaly in England (Carter and Evans, 1973)
Parents
N either Affected Father Affected Mother Affected Both Affected
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! 3rd-degree relative A 
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4 M  41-3
45-9 46-3
46-6 46-6







B o th  Sexes M a les  Females 
Frequency (%) 0'29 0 -21 0 -38 
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tea can be produced on request (cost about £10) 
[¡'providing us w ith the population  frequency (two 
sses) and the frequency in first degree relatives for 
the area concerned. F o r m ore exact risks, to  in - 
dude information on severity o f cases or for still 
»re complex families the  program  R IS K M F  can 
tensed directly.
The idea of producing a set of risk tables came from 
Dr A. Czeizel, Hungary, who derived a set of tables of 
is for sibships with congenital abnormalities from 
Hungarian data. We would like to thank Professor 
IH, H. Emery for encouraging us to produce the 
Wes in the form presented here.
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Linkage between the loci for benign (Becker-type) 
X-borne m uscular dystrophy and deutan colour 
blindness
R O SA LIN D  S K IN N E R , C H A R LES SM IT H , and A LA N  E. H. E M E R Y
University Department of Human Genetics, Western General Hospital, Edinburgh
S u m m a ry . A  family is described in which benign Becker type X-linked muscu­
lar dystrophy and deutan colour blindness are segregating. The lod scores from 
this family have been added to those obtained in a family previously reported (Emery 
et al, 1968/1969) and give an estimate of 0-23 for the recombination fraction with 
95% confidence limits of 0-13 to 0-43. These results confirm the linkage relation­
ships between deutan colour blindness and Becker muscular dystrophy but since 
the loci for Duchenne muscular dystrophy and colour blindness are not within 
measurable distance of each other these results indicate that the Becker and 
Duchenne types of X-linked muscular dystrophy are not allelic.
Besides the severe D uchenne type of m uscular 
dystrophy, there is a m ore benign form  of X -linked 
muscular dystrophy first described by Becker 
(Becker and K iener, 1955; Becker, 1957, 1962). In  
this latter disorder proxim al m uscle w asting and 
weakness first becom es evident in  late childhood, 
the teens or early adu lt life and  affected individuals 
usually survive at least into m iddle age.
Previous studies have show n th a t th e  loci for 
Duchenne m uscular dystrophy and th e  X g blood 
groups (Clark et al, 1963; B lyth et al, 1965; Filippi 
sud Macciotta, 1967) and colour blindness (Emery, 
1966) are not w ith in  m easurable distance of each 
other. Further, th e  loci for Becker m uscular dys­
trophy and the X g blood groups are no t closely 
linked (Emery, Sm ith, and  Sanger, 1968/1969). 
However studies o f one large fam ily w ith this dis­
order in which deu tan  colour blindness was segre­
gating, showed th a t the m axim um  likelihood esti­
mate of the recom bination fraction for these two 
loci was 0-28 (Em ery et al, 1968/1969). T hese 
results suggest th a t th e  loci for th e  Becker and 
I Duchenne types o f m uscular dystrophy m ay not be 
I allelic. However the confidence lim its for the re- 
tombination fraction were w ide (0-15 to 0-50). 
i There was therefore a need  to study fu rther 
! tainilies with Becker m uscular dystrophy for pos­
ale linkage w ith  colour blindness.
| Received 12 J u n e  1974
In  a survey of patients w ith Becker m uscular 
dystrophy another family in  w hich deutan colour 
blindness was segregating has been discovered, and 
the original family has been extended. T h e  re­
sults of linkage studies in  these two families are re­
ported  in  the present comm unication.
Subjects
Details of the first family in which deutan colour blind­
ness was segregating have been reported previously 
(Emery et al, 1968/1969). The diagnosis of muscular 
dystrophy in the second family was confirmed by a 
muscle biopsy on the proband, the histology of which was 
consistent with the diagnosis of muscular dystrophy. 
Serum levels of creatine kinase were determined on all 
apparently unaffected males in this family since it is 
known that preclinical cases of Becker type muscular 
dystrophy can be detected in this way (Rotthauwe and 
Kowalewski, 1966; Emery, 1968). In  none of the 
families studied were early contractures a prominent 
feature of the disease unlike the family described by 
Thomas, Caine, and Elliott (1972) in which deutan 
colour blindness was also segregating.
M ethods
Serum levels of creatine kinase were determined on 
fresh specimens of blood by the method described by 
Rosalki (1967).
Colour vision was tested using the Ishihara plates and 
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T he fa m ilie s  
Family H.G. 588 (E). This family has been des­
cribed in detail in a previous study (Emery et al, 1968/ 
1969). The family has been restudied and extended. 
However no further cases (clinical or preclinical) have 
teen identified and the pedigree information to date 
(Fig. 1) is essentially the same as previously described.
Family H.G. 153 (M). The pedigree of this family 
is shown in Fig. 2. Colour blindness appears to have 
occurred only in the offspring of III. 11, although there 
sre other males with muscular dystrophy in the family. 
Her father, II.3, suffered from muscular dystrophy, 
making her an obligatory carrier of this gene, but un­
fortunately nothing is known about his colour vision.
V.21, V.31, and VI.2 were identified as preclinical cases 
of muscular dystrophy on the basis of serum creatine 
kinase estimations. V.17 and V.18 were suspected of 
being preclinical cases several years ago and have since 
developed obvious signs of the disease.
L inkage an a ly sis
T h e  lod scores for fam ily E  were recalculated, 
taking into account the additional individuals in  th e  
family and w ithout classifying I I I .8 as a definite 
carrier. T hese changes reduced the previous lod 
scores somewhat. F o r fam ily M , the  origin o f th e  
deutan  allele is unknow n and so four possibilities—
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F i g .  2. Pedigree of family H .G . 153 (M ).
TABLE I
BECKER-TYPE M U S C U L A R  D Y ST R O P H Y  A N D  D E U T A N  COLOUR B L IN D N E S S; LO D  SCORES A N D  
A N T IL O G S  (R ELATIV E L IK ELIH O O D )
Recombination Fraction (0)
0 0 5 010 0-15 0-20 0-25 0-30 0-35 0-40 0-45
Family E
Lod score -2 -9 4 -1 -0 0 -0 -0 8 0-41 0-64 0-69 0-62 0-45 0-23
Antilog 0001 001 6 0-83 2-57 4-37 4-90 4-17 2-82 1-70
Family M
Lod score 0-39 0-83 0-90 0-80 0-61 0-37 0-14 -0 -0 1 -0 -0 6
Antilog 2-46 6-76 7-94 6-31 4-07 2-34 1-38 0-98 0-87
Sum o f scores
Lod scores -2 -5 5 -0 -1 7 0-82 1-21 1-25 1 06 0-76 0-44 0-17
Antilog 0 0 0 3 0-676 6-61 16-22 17-78 11-48 5-75 2-75 1-48
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Recombination fraction {&)
F ig. 3. Relative probabilities o f linkage for various values o f the 
recombination fraction for Becker muscular dystrophy and deutan- 
type colour blindness. A: family E; B: family M ; C: families E and 
M combined.
(1) from II .3 , (2) from  I I .4, (3) from  I I I . 12, and 
(4) m utation in  I I I . 11—were considered. I t  
tu rned  out tha t (1) was by far the m ost im portant in 
determ ining the lod scores w hich are given in  T able
I. T he  combined results indicate th a t the maxi­
m um  likelihood estim ate of the recom bination frac­
tion is 0-23 (Fig. 3) w ith 95% confidence limits of 
0-13 to 0-43. T he  probability o f the loci for 
Becker m uscular dystrophy and deutan  colour 
blindness being w ithin m easurable distance of each 
other is roughly 7 :1 .
D iscu ssio n
T he results of the present study confirm that the 
loci for Becker type m uscular dystrophy and deutan 
colour blindness are w ithin m easurable distance of 
each other. Since this is no t true  for D uchenne 
muscular dystrophy and colour blindness it  seems 
that Becker and D uchenne m uscular dystrophy, 
though both X-linked are no t allelic.
In  th e  previous study  of Becker muscular dys­
trophy  and deutan  colour blindness (Emery et al 
1968/1969) the estim ate of the recombination frac­
tion  was 0-28 w ith 95%  confidence limits of 045 to 
0-50, and the odds on linkage was about 4:1. With 
the additional m aterial p resen ted  here, the estimate 
becom es ra ther lower (0-23) w ith narrower confi­
dence lim its (0-13 to  0-43 and  the odds on linkage 
now  slightly greater (7 :1).
Grateful thanks are due to Mrs E. R. Clack for her in­
valuable help in tracing families.
This work was supported by a research grant from the 
Muscular Dystrophy Group of Great Britain.
R e f e r e n c e s
Becker, P. E. (1957). N eue Ergebnisse der Genetik der Muskel- 
dystrophien. A c ta  G enetica e t S ta tis tic a  M ed ica , 7, 303-310. 
Becker, P. E. (1962). Tw o new families o f benign sex-linked 
recessive muscular dystrophy. R e v u e  Canadienne de Biologie, 21, 
551-566.
Becker, P. E. and Kiener, R. (1955). Eine neue X-chromosomale 
Muskeldystrophie. A r c h iv  fi'ir P sych ia tr ie  u n d  Nervenkrank- 
heiten , 193, 427-448.
Blyth, H ., Carter, C. O ., D ubow itz, V ., Emery, A. E. H., Gavin, J., 
Johnston, H . A ., M cK usick, V. A ., Race, R. R., Sanger, R., and 
Tippett, P. (1965). D uchenne’s muscular dystrophy and the Xg 
blood groups: a search for linkage. J o u rn a l o f  M edical Genetics, 2, 
157-160.
Clark, J., Puite, R. H ., Marczynski, R ., and Mann, J. D. (1973). 
Evidence for the absence o f detectable linkage between the genes 
for D uchenne muscular dystrophy and the Xg blood group. 
A m erica n  J o u rn a l o f  H u m a n  Genetics, 15, 292-297.
Emery, A. E. H . (1966). Genetic linkage between the loci for colour 
blindness and D uchenne type muscular dystrophy. Journal of 
M ed ica l Genetics,  3, 92-95.
Emery, A. E. H . (1968). Benign X-linked muscular dystrophy. In 
R esearch in  M u scu la r  D y s tro p h y . Proceedings o f  the 4th Sym­
posium  on C u rren t R esearch  in  M u scu la r  D ystrophy. Pitman, 
London.
Emery, A. E. H ., Sm ith, C. A. B ., and Sanger, R. (1968/1969). The 
linkage relations o f the loci for benign (Becker type) X-borne 
muscular dystrophy, colour blindness and the Xg blood groups. 
A n n a ls  o f  H u m a n  G enetics, 32, 261-269.
Filippi, G. and Macciotta, A. (1967). X g blood groups in muscular 
dystrophy. L a n c e t, 2, 565.
Rosalki, S. B. (1967). An improved procedure for serum creatine 
phosphokinase determination. J o u rn a l o f  L aboratory and Clinical 
M ed ic in e , 69, 696-705.
Rotthauwe, H . W. and Kowalewski, S. (1966). Gutartige recessiv 
X-chromosomal vererbte Muskeldystrophie. 1. Untersuchungen 
bei Merkmalstragern. H u m a n g en e tik , 3, 17-29.
Thom as, P. K ., Caine, D . B ., and E lliott, C. F. (1972). X-linked 
scapuloperoneal syndrome. J o u rn a l o f  N eurology,  Neurosurgery, 
a n d  P sy c h ia try , 35, 208—215.
<(|| gum. Genet., Lond. (1974), 37, 275 2 7 5
f¿ 0  m Great Britain
Recurrence risks from fam ily history and m etric traits
B y  CHARLES SMITH
Department of H um an Genetics, Western General Hospital, Edinburgh
a n d  NANCY R. M ENDELL
Department of Microbiology and Immunology, Dulce University Medical Centre,
Durham, North Carolina, U .S.A .
The threshold model of disease liability (Falconer, 1965) has proved a useful tool for summariz- 
g&ttd comparing familial frequencies for diseases and conditions not inherited in a simple 
Jidelian manner. The model also provides a basis for estim ating recurrence risks for specific 
f  histories, given the population frequency of the condition and the correlation in liability 
‘¿ween relatives (Smith, 1971; Curnow, 1972; Mendell & Elston, 1974). These m ethods use 
¡formation only on the  disease status of family members. Often there is additional inform ation 
:s items or traits  associated w ith the condition and this could be included so as to  improve the 
in ate of the recurrence risk in a specific family. The object of this paper is to  derive methods 
can utilize inform ation on m etric tra its  associated w ith a familial condition. For example, 
W pressure in hypertension or blood glucose levels in diabetes are inform ative in estim ating 
fafor these diseases. The usefulness of such inform ation in practice will be examined, studying 
s size of possible changes in the estim ates of risk and the increases in accuracy of the risk 
¡(¡mates obtained.
P K I N C I P L E S
Details on disease sta tu s of relatives are lim ited in value because individuals are classed either 
normal or affected (or interm ediate, Reich, Jam es & Morris, 1972). Thus ra ther th an  knowing 
fspecific liability to  the disease for each individual, only the mean liability of the group can be 
igned. This coarse grouping does not introduce any bias into the estim ation of recurrence 
is, but rather it gives estim ates of liability which are poorly correlated w ith the true  liability 
'the individual a t risk. In  statistical term s the estimates are approxim ately unbiased b u t they 
not efficient in  th a t  the  residual variation hi the estim ate of liability is still high. In  biological 
w, the risk estim ate is an  average and includes individuals w ith a wide range of true  risks 
iso its value for any particular case is decreased. F urther inform ation m ay help to  reduce the 
iua-1 variation in the risk estim ate and so allow more accurate risks to  be given for a specific 
iy.
Ike kind of additional inform ation considered here is th a t  given by a m etric or continuous 
it associated w ith the condition. The metric tra it m ay vary in the form of its association w ith 
f t t y  for the condition. I t  m ay serve to  define the disease, such as blood glucose levels hi 
¡s, and so measure liability directly. Or it m ay be correlated w ith liability either because 
s & factor in the cause of the disease or because it  is a result of the disease. The measured 
ifflotypic) correlation of the m etric tra it  with liability may be clue either to  genetic effects or 
Jon-genetic (‘environm ental’) effects or to  a combination of both. By definition, it is assum ed 
the risk of the disease is entirely dependent on the liability of the individual and the 
•dated tra it is m erely one of the factors determhiing liability.
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The nature of the information provided by the m etric tra it  is illustrated  in Tig. 1. The meat 
liability of unaffected individuals is L .  W ith  inform ation on the correlated metric trait, the 
mean liabilities of unaffected individuals w ith tra it  values Y 1 and Y 2 are L x and L2 respectively, 
Thus some differentiation among unaffected individuals m ay be achieved. The higher the corre­
lation between liability and the tra it, the greater will be the  am ount of inform ation the trait can 
provide about liability and risks.
Continuous metric traits  are already widely used in  medicine as diagnostic indications of many 
familial and non-familial disorders. The aim is usually to  detect abnorm al function which maybe 
diagnostic of the disease; th a t is, to  detect individuals w ith abnorm al levels for the trait. If the 
disease causes individuals to be no longer p a r t of the norm al distribution for the trait in the 
population, then tra it information on such individuals cannot be used by the present methods, 
The emphasis here is less on abnorm ality for the  tra it  b u t ra ther on unaffected individuals 
whose tra it values lie within the norm al range b u t which are raised because of the association 








M E T H O D
The method used is an extension of an approxim ate m ethod given by Mendell & Elston (1974) 
to derive recurrence risks for a given family history. H ie solution depends on formulae by Aitken 
(1934) for the variances and covariances of a m ultivariate norm al distribution after selection of 
one of the variables. The pirocedure can then  be applied in tu rn  to  further variables. Aitkens 
formulae depend on the assumption th a t the  selected variable still has a norm al distribution 
after selection. This will not be true  w ith the threshold model where selection is by truncation. 
The approximation introduced by Mendell and Elston was to  consider the truncated  distribution 
as normal. They showed that, in estim ating recurrence risks in families, the approximation gave 
quite accurate results. In  the present paper the accuracy of the approxim ation has been a ss e s s e d  
by comparing the results with some exact results derived by  Curnow (1974).
The associations among relatives for the liability (L ) to  a disease and for a metric trait (1) 









Table 1. S y m m e t r i c  v a r i a n c e  -  c o v a r i a n c e  m a t r i x  o f  l i a b i l i t y  
a n d  a  m e t r i c  t r a i t  (s e e  t e x t )
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ifts of variables as standardized; th a t  is, expressed with a mean of zero and  a variance of un ity  
1). Consider the m atrix  F  for two relatives (1 and 2) and an individual (/) whose risk is 
ileestimated. F  can be arranged in a form convenient for reduction by the Aitken procedure, 
til Table 1. V u  and Fy  are respectively the variance for variable (i ) and the covariance for 
■¡nables i  and j .  The correlation between any pair ( i , j )  is then
lemeaa 1 r{j =  F y / V ( F « .  F w).
ait, the {¡jjjnjng a m ulti-normal distribution the Aitken procedure can be used to  reduce the m atrix  
ctively. fallow for the disease sta tu s of the first relative. Thus the residual variances and covariances 
e cone- ;:e!1 that relative 1 is affected are approxim ately
rait“  | V v . i  =  V a - V l i V l j a 1 ( a 1 - x 1) I V 11,
r fm a m  hreiqis the mean liability for affected individuals and x 1 is the threshold value. The residual
„ i „ relations are then may be I _  .
j. J£j.|k r 'ii ■ 1 '  i j . lH W  U . l '  j j . l )
t in the r ^ e threshold value for relative (i ) is given by
icthods. Xi. 1 =  ( x t  -  ba  ax) <J( 1 -  r |x aa (ax -  xx)),
ividuals :*e ba  is V a /  Fu , the regression of variable i  o n  1. The quantity  eq 5 can be easily derived from 
ociation Lormai curve given x i  v
¡the same procedure can be repeated for the disease status of relative 2, and then  for fu rther 
[¡fees in turn, thus
[1 (1974) F ij-,12 =  F^- ^ — F i2-XF i2 JÎÏ2.1 (a 2.X —£C2.l)/F22.1-
- Aitken «relative is no t affected then  a i  is replaced by — a i F P ( 1 — F P ) , where F p  is the population 
■ction of jnency of the condition.
Aitken s fc reduced m atrix  in the example is now F  12: 
nbution , r r
I 33 •acation.
ribution V .12 =  ■
ion gave
a sse s s e d
•has the form of a set of m ultiple regression equations for variables 3, 4 and 5 on variable 6. 
■rait (1) ®g yields the partia l regression coefficients. For example, b'e3 12 is the regression of the  in ­
f e r  both Inal’s liability (variable 6) on variable 3, taking the other variables (4 and 5) into account.
F 34.12 F 35. 12 F * . 12
to F 45.12 f 46.12
f S5.12 f 56.12
T 66 .12
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In the reduced matrix (F 12) above the term F66 1 2  is the residual variance in the individual's jectec 
liability after allowing for the disease status of his relatives (variables 1  and 2 ). Information on Lflec 
the metric trait for the individual and for his relatives will account for further variation. Tl® -jit tl 
further reduction in variance due to regression on variables 3, 4 and 5 is
jrrelat
Freg — b6 i l 2  F6i_12.
i  =  3
The residual variance in the individual’s estimated liability (variable 6 ) after allowing for all the * Intli 
other variables is thus
Rr =  F66.12— Th-eg-
This indicates how precise the estimate of liability is and allows a confidence interval to 
The total variation in liability accounted for is (1 - VR) and this is the square of the 
correlation between the estimate and the true liability.
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This takes account of the residual variation (FK), then adjusts the individual’s thresholdvahie 
(x) for the disease status first of relative 1 , then of relative 2  given relative 1 . Similarly the trait 
value for each relative is adjusted before weighting the information by the appropriate partial 
regression coefficient in the equation.
The procedure can be extended in principle to any number of relatives of any degree of 
relationship. However, as more relatives are included the matrix becomes large. Errors arising 
from the approximation in using the Aitken procedure may also accumulate. However, details 
on a trait on close relatives may make the inclusion of more distant relatives unnecessary. Note 
again that the derivation and theory depend on phenotypic observed effects and require no 
genetic interpretation of the parameters.
The methods have been programmed for sibships with two parents and up to four sibs. The 
program reads in or generates the matrix F, reads an array giving the family history and measure­
ments on the trait. It then proceeds through the methods outlined above, allowing for print-out 
checks at each stage, and finally printing the estimated liability, risk and variance explained. 

















To apply the above methods for deriving recurrence risks, estimates of the variances andL  ̂
covariances among the traits are required. All the variables are standardised to have zero meaiifeg 
and unit variances and the covariances then are the correlations among the variables. In matrix 1% 1 
F these are the phenotypic correlations for all combinations of liability and metric trait ama|fflpr0p 
the various relatives. The correlation in liability between relatives is estimated from the frequency ̂  ̂  
of the disease in the population (F P) and the frequency in relatives of affected individuals ft) xff 1 
(Smith, 1970; Menclell & Elston, 1974). The correlations among relatives for the metric trait-cank jp 
be measured directly from samples of relatives. The correlations between the metric trait andL 0£ 
liability can be estimated as the difference in the trait between relatives of unaffected and of L  (
ividual's iffected  individuals, divided by the difference between the average liabilities of unaffected and 
ation on [a ffe c te d  individuals. If being affected precludes or affects the measurement of the metric 
■°n. Thij Igifc, then only unaffected individuals can be measured. The mean value for those who become 
iijfected  at some later date, compared with those still unaffected, can be used to derive a 
I jelation estimate.
R ESU LTS
or all the In this section we are concerned mainly with three aspects of the method. The first is to assess 
-taccuracy of the approximation in risk estimation with trait information. The others concern 
•evalúe of including information on a metric trait and the magnitude of changes in risks 
toudit about by trait information.
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Jlendell & Elston (1974) compared recurrence risks derived by the Aitken procedure using their 
ipoximation with the exact risks (Curnow, 1972; Smith, 1971). They found very good agree- 
sat, with errors usually less than 1 % of the true risk and never larger than 5 % of the true 
its. The same result was found here on including information on a correlated trait and com- 
ling the risks with those derived by Curnow (1974). These were for a range of population 
vquencies and correlation matrices but dealt only with one relative and the individual at risk. 
* accuracy of the method when several relatives are included cannot be assessed until the 










Aguide to the value of different pieces of information in estimating risks can be got by compar- 
‘ dheir effects individually. This value can be gauged through the correlation of the estimated 
irv Note ®7an<̂  r̂ue lability for the individual whose risk is being estimated. The proportion of 
variation in liability explained is then simply the square of the correlation coefficient. This 
sown in Figure 2  for a range of correlations with liability and for first-degree relatives. The
I can apply directly to the individual at risk and so can account for a greater proportion of 
variation in liability than other information which is indirect, being through a relative, 
is if there is trait correlated with liability it will usually be very worth while including it in
risk estimation. The other graphs in Fig. 2  assume that the correlations for relatives are 
'portional to the degree of relationship. Then the variation in liability explained by the affected 
¡fives and by the trait on a relative is similar for the same level of correlation. However, the 
«nation from unaffected relatives is much less useful especially if the disease is very rare, 
it there is more than one piece of information used to estimate risk, the total variation
IImces a* Minted for is, of course, not the sum of the separate effects, since these are likely to be 
;ero mean Related. It is, however, derived directly in the matrix calculations as described in the methods 
In matrix jon pjlere are two aspects of interest; the total variance accounted for and the increase in 
fit among proportion accounted for by the addition of each piece of information. A series of results is 
r e q u e u e }  Table 2. To reduce the number of combinations of phenotypic correlations in the V  
rials (fjl ;ij, the examples are presented in genetic rather than in phenotypic terms. Consider two 
> trait can k high and low .̂05  ̂ respectively for the heritability of liability {h2L ), for the herita- 
traitanli |!y 0f the trait (¿^) and for the genetic correlation (ra) between liability and the trait.The 
ed and of kg correjatfons jn matrjx V can then be derived using a strictly genetic interpretation, as
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C orre la tion  (r) w ith  liability
F i g .  2 . V a r i a t i o n  i n  l i a b i l i t y  a c c o u n t e d  f o r  b y  s e p a r a t e  p i e c e s  o f  i n f o r m a t i o n  o n  a  c o r r e l a t e d  m e t r i c  
t r a i t  a n d  o n  d i s e a s e  i n  a  r e l a t i v e . - - - - - - - - - - ,  T r a i t .  D i s e a s e : . . . . . . . . . . . ,  1 0 % ; . . . . . . . . . . . . .   0-1 % .
shown in Table 2. For example, the correlation in liability between first-degree relatives FJ 
F16, F26, is and the correlation between liability and the trait F13, V 2i, F56, is given bj 
r G h L h 7 .
In Table 2  the variance accounted for is similar for different frequencies of the disease shoving! 
that the population frequency has a relatively minor effect on the amount of variation explained 
As already noted, unaffected relatives contribute less information at low frequencies than at high 
frequencies. The amount of variation explained in any situation depends greatly on the correla­
tion between the trait and liability, as would be expected. As the correlation increases, the v a lu e  
of the information on the trait also increases. If the correlation is unity, then of course all F 
variation in liability can be accounted for, since the trait gives a direct measure of liability for 
the individual at risk (Curnow, 1974). The additional pieces of information add progressive!) to 
the variation accounted for and the total may be 5 - 1 0  times the percentage originally accounted 
for by one affected relative. Additional relatives add further to the variation accounted for.
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but at a decreasing rate. For example, if the trait is measured on the individual at risk, inform». ifO' 
tion on the trait in relatives does not account for much additional variation. Some compromis las 
on the effort of collecting the information and its value will thus be sought. Finally, in Table 2 Ut 
except in the extreme situations with very high correlations, there is usually a substantial amount »afl 
of the variation in liability left unexplained. That is, the residual variation about the risk 
estimate is still large, so that the risk estimates are not very precise and there is still plenty of id( 
scope to improve their accuracy further.
Relative —20 2 - 2 0
T rait (standard deviation units)
F ig .  3 .  R e c u r r e n c e  r is k s  fo r  a n  in d iv id u a l  w i t h  a n  a f f e c t e d  f ir s t -d e g r e e  r e l a t iv e  a n d  fo r  a  range of 
v a lu e s  fo r  a  m e tr ic  t r a i t  in  t h e  in d iv id u a l  a n d  in  a n  u n a f f e c t e d  f ir s t -d e g r e e  r e la t iv e .  T h e  horizontal 
d o t t e d  l in e s  a re  t h e  e m p ir ic  r is k s  ( h e r i t a b i l i t y  =  0 -6 ) fo r  t h r e e  l e v e l s  o f  p o p u la t io n  fr e q u e n c y  1 0 %, 
1 % , a n d  0-1  % . T h e  c o r r e la t io n s  b e t w e e n  t h e  m e tr ic  t r a i t  a n d  l i a b i l i t y  a r e  0 -2 1  ( s o lid  l in e s )  an d  042 
(d a s h e d  lin e s )  r e s p e c t iv e ly .
Rislc estimates
Additional information on a trait may also change the value of the risk estimate ap p re c ia b ly . 
Thus the risk will he specific to a family with a given set of information, rather than b e in g  an 
average and applying to all families at risk. A series of examples is given in Fig. 3. Again, for 
simplicity, the correlations in the matrix V are derived directly from a set of genetic p a ra m e te rs . 
The examples deal with a heritability of liability (hf) of 60 % and three population freq u en c ies , 
%> 1 % and 0-1 %. These should represent a wide range of familial conditions in man. For tin 
metric trait, heritabilities of 30 % and 60 % were chosen, and genetic correlations with liability
orma-
'omise
5 and 0 - 7  respectively. The phenotypic correlations (rGhLhr ) of the trait and liability are
0-21 and 0-42 respectively. The risks are given for individuals with one affected first degree 
ible9 '¡Wire (dotted lines) and also with information on a trait for the individual at risk and for an
m ount j a f f e c t e d  relative, each with possible values - 2 , 0  and + 2  standard deviation units from the 
ie risk Lean. The variance explained by one affected relative was 9 % and this was increased to 13 % 
¡sdto 23% for the correlations 0-21 and 0-42 respectively by the additional information.
In Fig. 3 the risks may be greatly modified by including a correlated metric trait, especially 
dsn the correlation between the trait and liability is high. As before, the trait measured on the 
dividual at risk is much more important than the trait in a relative, but the latter does 
«tribute to the estimate of risk. Individuals with high values for the trait may have double the 
rerage risk, while in those with low trait values the risks may be halved or even reduced to 1 0  % 
i one % of the original empiric risk. The higher the correlation with liability, of course, the 
pater the increase in risk for individuals with high values of the trait, and the lower the risk 
ft low trait values. Measurements on one unaffected relative alter the risk estimates less but 
several unaffected relatives were included, collectively they could have a greater effect.
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To illustrate the use of the method consider an individual with a family history of simple 
acoma; with an affected father and an affected sib, but with a normal mother and two normal 
kibe frequency of glaucoma among persons over 40 is about I % (Bankes et al. 1968). In
i-degree relatives of cases the frequency is about 4-5 % (Leighton, 1968). This gives a correla- 
Im of 0-25 between first-degree relatives for liability to glaucoma. Ignoring age effects, the 
¡mated risk to a sib given the above family history is about 9% and some 1 0 % of the 
fltion in liability is accounted for.
A raised intra-ocular pressure (IOP) is characteristic of most patients with simple glaucoma, 
knot all individuals with raised IOP (over 2 1  Hg) have glaucoma (Bankes et al. 1968). 
paly, Monstavicius & Sayegh (1968) found that IOP (standardized for sex and age) was raised 
|-M56) in relatives of patients with glaucoma compared with (— 0-283) in relatives of normal 
strols. The regression (and correlation) of IOP in relatives on liability of cases (2-665) and of 
ptols ( — 0-026) is estimated as
0-158 — ( — 0-283)
2-665-(-0-026)
estimates of the correlation between IOP and liability in the same individual seem available 
¡iso an arbitrary value of 0-4 was used. The correlation in IOP among first degree relatives is 
out 0-3 (Armaly et al. 1968).
jibe results from using different kinds of information from the family are given in Table 3. As 
pier information on family history or on IOP levels in the family is added, the variation 
-eciabh. jiainec| increases rpjle risp depends largely on the individual’s own IOP and this is moderated
oeing ® rslightly by the IOP levels in relatives.
[fain, for;
anieters. d is c u s s io n
juenctt-', |] practice the problems of estimating recurrence risks are likely to be biological rather than 
For the |:liematical. The mathematical methods described here are versatile and appear to provide 
liability j.j approximations to theoretical risks, given multi-variate normal distributions and good
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Table 3 . An example of estimated risks and variation in liability accounted for by using dij 
kinds of information on family history of glaucoma and on intra-ocular pressure (IOP) in rektim
V a r i a t i o n R i s k  ( p e r c e n t ) :
a c c o u n t e d I n d i v i d u a l ’ s  I O P  ( s . c l .  u n i t s )
f o r ,------------ A _ _ _
I n f o r m a t i o n  u s e d ( % ) ■— 2 0 ~ 2
P o s i t i v e  f a m i l y  h i s t o r y g - o 9 7 ---- — _ .
F u l l  f a m i l y  h i s t o r y IO'O 8 - 8 ---- — _
I n d i v i d u a l ’s  o w n  I O P i 6 - o — 4-8 o - 6 04
P o s i t i v e  f a m i l y  h i s t o r y  p l u s  i n d i v i d u a l ’ s  o w n  I O P 2 1 - 2 — 1 9 1 4 7 0 7
F u l l  f a m i l y  h i s t o r y  p l u s  i n d i v i d u a l ’ s  o w n  I O P 2 1 - 8 — 1 7 - 8 4'3 o*6
F u l l  f a m i l y  h i s t o r y
P l u s  i n d i v i d u a l ’ s  o w n  I O P  p l u s  I O P  o n
u n a f f e c t e d  r e l a t i v e s  ( a v e r a g e )
+  2 a i ' 9 1 8 - 6 4'7 0 7
O 2 1 ‘9 17'S 4'3 o*6
—  2 2 1 ' 9 1 6 - 4 4 - 0 o*6
estimates of the basic parameters. The main query in then application will be whether the theor- breve 
etical distributions are appropriate in describing the actual joint distribution of liability and the Wii 
trait. However, if the distributions are continuous, and can be transformed to quasi-normality, Us 
then the mathematical methods seem to be quite robust and may be appropriate for estimating iadeli 
recurrence risks. (1971
An advantage of the methods is that they can deal with familial effects whether they are pinati 
genetic or non-genetic or, as is likely, some combination of the two. The methods deal witlifeee 
correlations between relatives, whatever may be the cause of the correlation. Thus there neediyh 
be no genetic interpretation of familial frequencies or correlated traits in the estimation o f f e r  f e  
recurrence risks. If information is available on several traits they can all be included in estimât-pribul 
ing risks, simply by increasing the matrix to include them. To cio this the correlations amongtliefcorn 
different traits, as well as with liability, would be required. ' for '
The method of estimating the recurrence risks depends on multiple regression maximising fern cl 
multiple correlation of all the information available with the liability of the individual at liijictic 
If the separate correlations are in error or are poorly estimated then the estimates of the risk 
and variance explained will be affected and may be misleading. It is thus important to derive 
as accurate estimates as possible for the correlations. It has proved surprisingly difficult to geh,uet 
from the literature reliable estimates of the correlations for many of the common familial’- nsl 
disorders and associated metric traits. However, as outlined earlier, it should be readily possible ti 
to estimate them by collecting special sets of family material. A list of familial conditions witPmil 
possible traits which might be useful in estimating risks is given in Table 4. Unfortunatdyjdri 
none of the congenital abnormalities seem to have metric traits with which they are correlated, -hi e 
There is a paradox in the use of a correlated trait to supplement family history in estimaw0® 8 
risks. If the correlation with liability is low then the trait adds little information. If the correla--tails 
tion is high then the individual’s own value for the trait gives a good estimate of risk ancl largelPtes 
supplants the family history and details on relatives. Thus it is when the correlation behveeij ^  
trait and liability is intermediate, or when the individual at risk cannot be measured for examA^ 
if he is too young or not yet born, that the methods here will be of most value.
If the distributions of the trait or of liability are discontinuous then the methods here may






Table 4. List of familial conditions with correlated metric 
traits which may he useful in risk estimation 
C o n d i t i o n  T r a i t
H y p e r t e n s i v e  h e a r t  d i s e a s e  D i a s t o l i c  b l o o d  p r e s s u r e
D i a b e t e s  m e l l i t u s  G l u c o s e  t o l e r a n c e  t e s t
G l a u c o m a  I n t r a o c u l a r  p r e s s u r e
M e n t a l  r e t a r d a t i o n  I n t e l l i g e n c e  q u o t i e n t
C o r o n a r y  h e a r t  d i s e a s e  L i p o p r o t e i n s
S c h i z o p h r e n i a  P e r s o n a l i t y  s c o r e s
G o u t  U r i c  a c i d
E p i l e p s y  e . e . g .  m e a s u r e m e n t s
R h e u m a t o i d  a r t h r i t i s  R a d i o g r a p h i c  s c o r e s
H y p o t h y r o i d i s m  P r o t e i n - b o u n d  i o d i n e
A l l e r g y  S k i n  s e n s i t i v i t y  t e s t s .
07 
ot
0'6 invalid. When the discontinuity arises because the trait can be classed into only two classes, 
[¡Aitken procedure for reducing the matrix can be applied to the trait as well as to liability, 
itheot-pwer, with only two classes, the amount of information added is likely to be small. Alterna­
te! tk« if the trait can be graded into a number of classes, then these may be considered as serial 
mality, aes in a normal distribution. When the discontinuities are associated with identifiable 
imating Melian phenotypes, other methods of risk estimation should be used. For example, Heuch & 
(1972) have shown how to combine information on a metric trait, as well as other factors, in 
hey are «ting risks for Mendelian disorders. To deal with complex situations and multigeneration 
sal with eligrees they have developed a general program PEDIG to estimate recurrence risks for any 
¡re neeiaily history.
dion offer familial conditions which are heterogeneous, the correlation of one trait with a mixed 
istimat-jiributiorr of liability is not likely to be high. Resolution of the heterogeneity may increase 
Long the - correlation for one subgroup and allow the trait to become a better indicator of those at 
for that group. For example, the resolution of coronary heart disease to forms with high 
sing tliBPii cholesterol or high triglyceride or high for both lipoproteins would allow better risk 
at riskllictions to be made in relatives of cases and in individuals screened in the population, 
the risk:
0 derive' SUMMARY
I t  t o  g e l  Method for including information on an associated metric trait in the estimation of recur- 
familialt®risks for familial conditions is presented. This depends on the correlations among relatives 
p o s s iW h e  trait, for liability to the condition and 0 1 1  the correlations between them. The values of 
ms vitpmily history, both positive and negative, and of measurements on the trait in the indivi- 
unatelyjlat risk and in his relatives are compared and expressed as the variation in liability accounted 
»relatedJhi example of the use of the method is given for measurements of intraocular pressure in 
:imatin̂ c°nia.
correlapils on an associated trait can add considerably to the accuracy of the recurrence risk 
;1 largePks and can modify substantially the estimate of risk in the individual concerned.
betweea
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Effects of Various Medical and Social Practices on the 
Frequency of Genetic Disorders
S u s a n  M . H o l l o w a y 1 a n d  C h a r l e s  S m i t h 1
IN T R O D U C T IO N
In the past many workers have studied the effects of various factors on the human 
gene pool [ 1—4 ]. The emphasis has usually been on single factors with dysgenic 
(deleterious) effects and on the long-term changes and time to reach new equi­
libria. However, short-term changes and the combined effects of several factors 
are of more interest and practical importance. In recent years a number of new 
medical practices, such as improved treatments for affected individuals, genetic 
counseling, and population screening, and social customs, such as family limita­
tion or selective abortion, have been introduced and are being widely adopted. Not 
all of these are dysgenic, and some have eugenic (beneficial) effects on the gene 
pool. In this paper we will study the effects of a variety of such practices and the 
net effect of their combination and use in practice.
Scope o f S tu d y
We shall restrict the study largely to disorders with simple Mendelian modes of 
inheritance: autosomal recessive, autosomal dominant, and X-linked recessive. 
For autosomal recessive disorders it will be assumed that there is no heterozygote 
advantage. However, results have also been derived [5] for disorders with hetero­
zygote advantage and for multifactorial disorders; these will be discussed briefly.
Long-term gene frequency changes giving new equilibria are mainly of theoret­
ical interest. I t  is unlikely that they would be realized in practice since medical 
and social practices continually change. Similarly, rather than a single practice 
acting in isolation, it is more likely that several practices will operate simulta­
neously. For these reasons we consider short-term (single generation) changes in 
disease incidence and gene frequency for each factor studied. Then we can study 
the relative importance of the different factors on a common basis and go on to 
examine the net effect of several factors acting in combination, as likely in 
practice.
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Current Factors
There will always be many factors, some known but many unknown, acting on 
th e  gene pool. In practice it is often difficult to measure their effects or even to 
determine if any effects exist. Changes in gene frequency may result from muta- 
I t io n ,  migration, selection, or random drift. Here we are not concerned with the 
array of factors already acting on the gene pool. Rather we will restrict our atten- 
I t io n  to various new practices being adopted or proposed as a result of medical 
I progress and social change. Thus no attempt will be made to measure the absolute 
change in disease incidence or gene frequency. Instead we consider only the net 
change brought about by a particular new factor or by a group of factors acting 
in  combination.
N E W  P R A C T IC E S  A F F E C T IN G  G E N E  P O O L
The new factors considered are some practices which are being adopted or pro­
posed at present for the prevention of genetic disease. They may be grouped 
roughly into those whose effects are largely dysgenic ( 1-3 )  and those with prin­
cipally eugenic effects (4 -7 ).
1. Im proved trea tm en t o f a ffected  individuals. With improved methods of 
| detection and treatment, individuals with certain genetic disorders may survive
longer and their reproductive fitness may be improved.
2. Selection o f m ates. For autosomal recessive conditions, heterozygous (A a )  
carriers may select a mate who is homozygous normal (A A )  and so avoid having 
affected (aa) offspring.
3. Selective abortion  w ith  fu ll reproductive  com pensation. With selective abor­
t io n ,  affected offspring can be avoided and replaced by normal offspring to give 
th e  intended family size.
4. Family lim ita tio n  b y  all carriers. In autosomal recessive conditions hetero­
zygous {Aa) carriers may reduce or limit their family size because of their carrier 
state. This may be due to unwarranted concern about the risk to their offspring or 
to their difficulty in finding a homozygous normal ( A A ) mate.
5. Family lim ita tio n  b y  de tec ted  carriers a t risk. Where there is a risk to off­
s p r i n g ,  detected carriers for autosomal dominant and X-linked recessive disorders 
as well as detected A a X  A a couples for autosomal recessive disorders may have 
no children or may limit their family size because of the risks.
6. Artificial in sem ina tion  in  m atings a t risk. In autosomal recessive disorders 
and in autosomal dominant and X-linked recessive disorders where the male is 
affected, artificial insemination by selected donors may be used to avoid having 
affected offspring.
7. Selective abortion  w ith o u t reproductive  com pensation. This is similar to 
practice 3, but no further offspring are conceived to replace those selectively 
aborted, so that actual family size will be lower than intended family size. Prac­
tices 3 and 7 are kept separate for simplicity, but a full treatment is given else­
where [6], For X-linked recessive conditions three situations are considered, 
namely, the selective abortion of affected males, of all males, and of affected
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males and carrier females. For autosomal dominant conditions with incomplete 
penetrance or late onset, prenatal diagnosis may also be incomplete, and a term 
can be included for this [5]. However, for simplicity, it is assumed here that all 
carriers (A a ) could be detected in utero.
The overall effects of these practices will depend both on the proportion 
adopting them and on the extent to which they are applied. They will also depend 
on whether the practice is adopted before (prospectively) or after (retrospectively) 
detection of an affected individual in the family. The changes in disease incidence 
and in gene frequency will always be smaller with retrospective detection than 
with prospective detection.
A S S U M P T IO N S  A N D  C O N V E N T IO N S
For the three classes of disease considered, the change in disease incidence is 
taken to be the difference between that in the offspring generation at birth and that 
in the parental generation at birth. The change (AT) which results from natural 
selection alone is subtracted from the change (A2) which results from a particular 
practice together with natural selection to obtain the net change (A2 — Ai) due 
to the practice.
For gene frequency changes, the change will be measured as the difference 
between the frequency in parents at reproduction and the frequency in offspring 
at reproduction. This is because for some practices (e.g., selective abortion with 
reproductive compensation) the gene frequency in offspring born does not reflect 
the change in their genotype distribution, which determines the number of dele­
terious genes passed on to the next generation. This problem can be avoided by 
considering the gene frequencies at reproduction instead of at birth.
In many previous studies it has been assumed that current forces acting on 
the gene pool are in approximate equilibrium. This is unlikely in developed soci­
eties where survival and selection parameters have been radically altered recently 
and are continually being modified. Here no assumptions about initial equilibria 
are required. Rather we consider the n e t effect of applying the practice, assuming 
all the other factors remain unchanged.
A summary of the variables required and symbols used is given in table 1. The 
symbol d  combines several factors which may be considered separately to show 
their individual effects [S ] . Suppose for a certain genotype (or mating type) a 
proportion w  is detected, and, of these, a proportion c adopts the practice being 
considered. They apply it to an average extent /. Then d  =  w cj measures the 
average extent to which the practice is applied by all of the particular genotype 
or mating type being considered.
Other variables for factors complicating the changes in disease and gene fre­
quency can be included. I f  detection is retrospective rather than prospective, the 
changes are usually P r times those for prospective detection, where P r is the pro­
portion of offspring born after detection of the disorder in the family. For a family 
of size n and a recurrence risk of x, the proportion of offspring born after detection
T A B L E  1
Variables and Symbols U sed
G E N E T IC  D IS E A S E  F R E Q U E N C Y  P R O JE C T IO N S  617
Variable Symbol
Frequency of norm al allele ...........................................................................................
Frequency of deleterious allele ....................................................................................
Dominant allele .................................................................................................................
Recessive allele ....................................................................................................................
Mutation rate to the  deleterious allele ....................................................................
Penetrance of A (o r p ropo rtio n  of A -  m anifesting before reproduction) . . .  
Coefficient of selection against individuals of genotype * .................................
Change in sa ..................................................................................................
Average extent to  w hich practice is applied by  all of particu lar
genotype (o r m ating  typ e) considered ................................................................








is 1 — [1 — (1 — x ) n] / n x  [7 ]. This expression can be combined with a theoret­
ical family size distribution, such as the Poisson or the negative binomial, or used 
with the observed family size distribution to evaluate P,- For example, using the 
distribution of completed family size in Britain from the 1961 census, Pr was 
,23 and .38 for x  =  and x  =  y i ,  respectively [5].
For autosomal recessive and X-linked recessive diseases, manifestation is usu-
I ally before reproductive age. For autosomal dominant diseases, a term y  for in­
complete penetrance or for the proportion of A- carriers manifesting the disease 
before reproductive age has been included, since these features are common for 
autosomal dominant conditions. Mutation has also been considered, but in most 
cases the terms cancel out of the expressions for net change. For X-linked recessive 
diseases the gene frequency is taken as / { q u )  +  % (Q f ) , where the subscripts M  
and P refer to male and female, but the changes are expressed in terms of qp  since 
it is less affected than qM by the various practices.
The methods used for calculating the changes in frequency are similar for the 
different practices and modes of inheritance. A  complete set of calculations and 
formulas is given by Holloway [5]. Here a few examples are worked to illus­
trate the methods, and a summary of the results for all cases is given in table 2.
The simplest way to derive the net changes is to write the expression for the 
expected frequency with the factor acting and then to subtract from it the ex­
pression for the expected frequency omitting the factor under study. M any of the 
terms then cancel out and need not be evaluated. Two examples are given using 
this difference method, and a third example is included to show how the effects 
of the different variables may be evaluated separately and then combined to give 
the net change.
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Improved T rea tm en t
For an autosomal recessive disorder, suppose an improved treatment allows the 
reproductive fitnesss of aa homozygotes to increase by ASm. The gene frequency in 
t h e  next generation will then be
Qi —  y ( 2 / N )  +  9 2 ( 1  —  s™  +  As„„) ~ q  —  q'2(saa —  As„„).
The net change in gene frequency due to improved treatment is then
^ ( A s ^ O )  ~  ^  (A .s „ o  =  0 )  —  ? “ A j 0 „ .
Similarly the net change in disease incidence is
?M A %a*0 , - ? l S (A.ao =  0,
Family L im ita tio n  b y  Carriers
If carriers of a deleterious X-linked recessive condition reduce their family size 
to  an average extent d  ( d  =  w c j) ,  the change in disease incidence is then directly 
-q ,d .  The change in gene frequency is derived as shown in table 3. The net change
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T A B L E  3
F a m ily  L im ita tio n  by Carriers
Generatio n Stage
Ge n e  F r eq u en c y
Males Females
0 ................................. . . R eproduction i n Qf
1 ................................. B irth V- +  Qf ( 1 — d) H +  < 7^(1
1 ................................. , . R eproduction L *  +  ? /.■ (!  - - d)  1 ( 1 -  - sa) + 9 > ( 1 - < / ) ]
Note.— X - linked  recessive cond ition .
due to the practice is the change with d  =j= 0 less the change with d  —  0. This can 
be written directly and simplifies to —]/?, [ qFd ( 2  —  i „ ) ] ,  as in table 2.
Selective A bortion  w ith  F u ll R eproduc tive  C om pensation
As an example of the longer method of derivation, consider a more complex 
case. In an autosomal recessive disorder, suppose a proportion w  of all A a X  A a  
couples is detected prospectively and, of these, a proportion c practise selective 
abortion with full reproductive compensation. The situation for these matings 
(with d =  w c j and f  —  1)  is shown in table 4. The approximate incidence in 
offspring is then q 2( 1 — d ) ,  so the change in incidence between the parental and 
offspring generations is —q~d. (More accurately, the change is —q2d  -)- 2qssaa, 
but the term for natural selection can be ignored if d  >  2qsaa, as is likely for rare 
severe autosomal recessive diseases.) Let gy be the gene frequency at reproduction
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in the parental generation. The gene frequency in offspring at conception is also qh 
and at reproduction this will be reduced by an amount q i2saa( l  — d )  due to the 
loss of affected individuals bom and by an amount q \ d  due to selective abortion 
of affected fetuses. Both replace the normal loss of sm q i2 due to natural selection. 
To compensate for those aborted, an additional qx2d  offspring are born, and two- 
thirds of these are heterozygotes. Putting these terms together, the net change in 
gene frequency due to the practice will be approximately
qi*[Saa —  J 0a(l — d ) —  d + - ^ - ( y t 0 ]  =  q i2d ( s aa —  ~ ) .
R E S U L T S
In table 2, the changes expected often have a similar form so that some general 
results can be noted. B y  expressing the changes relative to the initial disease inci­
dence or gene frequency, the relative changes can be made independent of the 
initial frequencies for most of the practices. The exception is for autosomal re­
cessive conditions where the change in gene frequency usually depends on g2 
(and so is small) rather than on q. For autosomal dominant conditions the change 
in disease incidence is proportional to q y 2, where y  is a measure of penetrance or 
of the proportion of carriers manifesting the condition before reproductive age. 
This is because the original disease incidence is q y  and only a proportion y  of 
carrier offspring will be affected. The change in gene frequency is usually l/2y  times 
the change in disease incidence. For X-linked recessive disorders the change in 
gene frequency is of the same order as the original disease incidence.
The apparent similarity of the formulas, however, may mask likely differences 
between the effects of the practices. These effects will depend on the extent to 
which the practice is adopted, which may vary widely. For example, in autosomal 
recessive conditions, only a small proportion of all carriers is likely to limit their 
family size (practice 4), while a much larger proportion of carriers known to be 
at risk (practice S) may do so. Thus the term d  may be quite different in mag­
nitude for different practices.
In order to compare the relative sizes of the effects of the different practices for 
the different modes of inheritance, the changes expected are plotted in figure 1. 
The changes are expressed as a percentage of the original disease incidence or
T A B L E  4
Selective Abortion w it h  R eproductive C ompensation
Of f s p r in g  Born
P r a c tic e F r e q u en c y A A Aa
N orm al reproduction ....................
Selective abortion  ...........................
...........  4ÿ2ç 2( l  — d)





N o te .— A utosom al recessive disorder. d — wcj\ J =  1.
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gene frequency for varying levels of the extent (d )  to which the practice is adopted 
by the particular genotype or mating type concerned. For autosomal dominant 
conditions with penetrance y ,  the extent of the practice becomes y d , since unde­
tected heterozygotes cannot adopt the practice. The graphs represent a severely 
deleterious condition with s =  .9, so there would initially be strong selection 
against affected individuals. For autosomal recessive disorders the percentage 
changes usually contain a term for gene frequency; q =  .02 (as for cystic fibrosis 
in Caucasians) was chosen to represent these disorders.
The percentage changes are usually linear on the extent to which the practices 
are adopted, so the effects depend greatly on how much the practice is applied 
by the population considered. Improved fitness of affected individuals leads to
D I S E A S E  I N C I D E N C E
E x t e n t  ( p e r c e n t )
Fig. 1.— Percentage changes expected in disease incidence and gene frequency for different 
modes of inheritance, different practices, and  varying extents to w hich practices are applied 
by particular genotypes or m ating  types. A severely deleterious condition is represented 
(s— .9 ); th e  au tosom al recessive disease is assum ed rare (/] =  .02). See table 2 for explanation 
of practices 1-7.
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important increases in disease incidence for autosomal dominant conditions and simp
in gene frequency for both these and X-linked recessive disorders, but has small fitne:
effects on autosomal recessive conditions. The other practices can lead to large ' the <
decreases in disease incidence for autosomal recessive and X-linked recessive con- Hem
ditions, but often have little effect on gene frequency. Thus their effects may be I for 1
noncumulative and the practice would have to be reapplied each generation to 1 c h a n
benefit further from it. For example, in autosomal recessive disorders, either , new
avoidance of carrier matings (practices 2 and 5) or selective abortion (practices 5 by 
3 and 7) could temporarily eliminate the disorder from the population, but neither rece:
practice would have much effect on gene frequency. Thus they would have to be , Aa
constantly reapplied or the disease incidence would revert to its original (or a (j«o
higher) level. The graphs drawn, of course, depend on the values of s and q ( .9  
and .0 2 , respectively), and the impressions may be different with different values 1 ^ xa
of these parameters. For example, if s y  =  .1 , as may be the case for late onset j
dominant diseases which have little effect on reproductive fitness (e.g., Hunting- ^
ton’s chorea), the extent to which fitness can improve would be only 1 0 % . How- ag0
ever, if individuals who are possible carriers (because of their family history) limit I qUe
their family size, the reductions in disease incidence and in gene frequency would ant
be much larger than shown in figure 1 . pas
One result stands out clearly for autosomal recessive disorders, namely, if a ' nes 
small proportion of all carriers limit their family size, there can be a large de- 1 sh0 
crease in gene frequency. This is because the change depends on q, while all the I gjj 
other terms for autosomal recessive disorders (table 2 ) are proportional to q2. u  
Thus if detection alone or the attendant difficulty and concern of finding a homo- <
zygous normal mate causes a small proportion ( l % - 2 % ) of carriers to have no ! SU1 
children or to limit their family size, the decrease in gene frequency incurred is chj
likely to outweigh the effects of all the other practices. For X-linked recessive dis- tie
orders most of the practices reduce disease incidence appreciably but have rela- 90
tively small effects on gene frequency, and some are dysgenic. The main value of ¡m
figure 1 is to show the relative size of the different possible effects for the different ev
practices and modes of inheritance and to demonstrate again how some of the ag
practices reduce disease incidence but may have dysgenic effects on the gene pool. gv
These results apply for prospective detection of genotypes (or matings) at risk. 1 s0 
With retrospective detection the changes will be proportionately smaller depend- s0
ing on the stage of detection. For autosomal recessive and X-linked recessive g;
disorders, changes will be less than 2 0 % ; for autosomal dominant disorders (with fe
complete penetrance), the change will be less than 35%  of that when detection t
is prospective. I f  the onset of the disorder is not early, many families may be a,
completed before affected individuals are diagnosed, and a lower proportion of 1 p 
cases will be prevented.
f<
C om bination 0)  D ifferen t P ractices (
Most of the practices considered are mutually exclusive; if individuals or fi
couples adopt one, they cannot adopt the others. Thus their combined effect is d
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simply the sum of their individual effects. However, the effects of a change in 
fitness of affected individuals may be confounded with the other practices because 
the other practices may cause a reduction in the number of affected individuals. 
Hence, there are fewer individuals who can benefit from the treatment and fewer 
for natural selection to act against. The combined effect is then the sum of the 
changes resulting from the increase in fitness and from the other practices with the 
new value of fitness substituted. The latter changes are obtained by replacing 
j by the term (s — As) in the formulas in table 2. For example, for autosomal 
recessive disorders the joint effect of increasing fitness and reducing the fitness of 
/¡a X  Aa  couples would be to change the gene frequency by q 2^ s aa — q 2d [2 —
(taa ASoa) ] .
Example
To illustrate the use and combination of the results derived above, consider 
the autosomal recessive disease sickle cell anemia in U.S. blacks. The incidence is 
about 25 per 10,000 (q  =  .05), and several programs devised to reduce its fre­
quency have been proposed [8]. Carriers can be detected by screening, and 
antenatal diagnosis of affected homozygotes may also soon be possible. In the 
past, with the absence of heterozygote advantage in the United States and low fit­
ness (s ~  1.0) of affected individuals, the disease incidence and gene frequency 
should have been slowly declining. Now with better medical diagnosis and care, the 
fitness of affected individuals has been increasing and may be as high as .3 
( , =  .7; [ 9 ] ) .
Suppose that carrier detection is routine. Among all carriers some 3%  make 
sure that their mate is homozygous normal (A  A )  and some 2%  decide to have no 
children (in addition to the normal childless rates in the population). These prac­
tices will reduce the number of fertile A S  X  matings by about 10 % , leaving 
90% of the original expected number. Suppose that the majority (70% ) of orig­
inally expected riS  X  matings ignore the risks and reproduce normally. How­
ever, if they have an affected child, some 10 %  have no further children. (The aver­
age number of children born after diagnosis of the first affected child is reduced 
by 10% .) Among the rest (20% ) of the originally expected AS X  A S  matings 
some 5% decide to have no children, some 5%  opt for artificial insemination, and 
some 10%  choose selective abortion (5%  with full reproductive compensation). 
Since these practices reduce the number of affected individuals born, there are 
fewer to benefit from new treatments and fewer for natural selection to act on. 
The latter has the more important effect here, but both are taken into account, 
as described in the previous section, in deriving the combined net effect of the 
practices.
These figures and the changes they are likely to bring about estimated from the 
formulas in table 2 are shown in table 5. The combined effect of the practices 
would be to reduce the disease incidence by about one-third but to cause little 
further change in gene frequency compared to the previous change before carrier 
detection and before improved treatments were available. The dysgenic effects of
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T A B L E  S




Change in Disease 
Incidence (%)
Change in Gene 
Frequency (%)
All AS carriers:
2. Selection of AA m ate .............................................. .03 — 3.9 0.2
4 . Fam ily lim itation  ................................................... .02 — 4.0 - 2 . 0
riS  X  AS couples:
N orm al fam ily size .................................................
( .9 0 )
.60
1. Im proved fitness of cases born  (As =  .3)* . . . 3 .0 1.3
S. Retrospective fam ily lim ita tion  in affected 
sibships (Pr — .2 )  ....................................................... .10 — 2.0 -0 .1
5. Prospective fam ily lim ita tion  ............................. .03 — 5.0 - 0 . 3
6. Artificial insem ination .......................................... .03 —  5.0 -0 .1
3. Selective abortion  w ith  full reproductive
com pensation ........................................................ .03 — 5.0 0.1
7. Selective abortion  w ith no reproductive
com pensation ........................................................ .03 — 5.0 -0 .1
Combined net effect ........................................ — 28.9 - 0 . 8
* Gene frequency q =  .05; initia l reproductive fitness =  0 (s = 1.0).
practices 1 and 2 are largely offset in this example by a very small reduction pro­
posed in the reproductive fitness of all carriers.
H eterozygo te  A dvan tage
Formulas for changes in disease incidence and gene frequency have also been 
derived for autosomal recessive diseases where there is heterozygote advantage 
[5]. These confirm that many of the results will be similar to those already 
derived for other autosomal recessive diseases. The main differences are that 
( 1)  increases in fitness of affected individuals will give proportionally greater 
increases in disease incidence and gene frequency, and (2) family limitation by 
all heterozygous carriers will give larger percentage decreases. However, larger 
changes in family limitation would be needed to offset changes in fitness than if 
there were no heterozygote advantage.
M ultifac to ria l D iseases
For multifactorial diseases it is only possible to calculate changes in disease 
incidence, since individual genes and their frequencies are not known. Formulas 
for calculating possible changes can be obtained by assuming an underlying con­
tinuous liability to the disease [10 ], The expressions obtained are more complex 
than for unifactorial diseases, and the changes are dependent both on the initial 
incidence and on the heritability of liability to the disease [5].
In general, the greater the initial incidence and heritability, the greater the 
changes expected in disease incidence. The maximum increase in incidence due 
to improved fitness of affected individuals is likely to be about 5%  per generation. 
This is because few affected individuals are the offspring of an affected parent.
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Decreases in incidence of the same order would result if couples were detected 
retrospectively and reduced their family size or practised selective abortion after 
an affected child was detected. Larger changes in disease incidence would only 
become possible if individuals at high risk could be detected before they had 
children.
D IS C U S S IO N
Derivation and comparison of the short-term changes expected in disease inci­
dence and in gene frequency as a result of these (and other) practices is fairly 
straightforward. However, their value and relevance in practice will depend on 
how feasible the practices are and to what extent they are adopted in the popula­
tion at large. Their feasibility, for any particular disorder, depends on having 
techniques for carrier detection and antenatal diagnosis as well as for early 
diagnosis and improved treatments. These will stem largely from laboratory and 
clinical research work. Unfortunately this research work will usually have to be 
specific to each particular disorder, and only the methodology, not the detailed 
results, will have a general utility. The extent to which any feasible practices are 
then adopted will depend on social factors such as the acceptability of the pre­
vention methods relative to the severity and burden of the disorder, the 
establishment of facilities for testing, treating, and counseling families found to 
be at risk, and public awareness of the possibilities in prevention. The chief limita­
tion to widespread use of prevention methods is likely to be the problem of cost 
in relation to benefits obtained, due to the low individual frequencies of most 
genetic disorders.
From the present results, there generally seems to be little cause for alarm about 
the deleterious effects of the new medical and social practices being adopted. It  is 
unrealistic, as many geneticists have done, to consider the effects of one practice 
in isolation and to demonstrate its deleterious (or beneficial) effects, extrapolating 
over a large number of generations. Instead, many factors usually act concur­
rently but change over time, often in response to previous changes, in a dynamic 
system. The main deleterious effect may be from improved reproductive fitness 
for dominant and X-linked diseases, which can lead to substantial increases in 
gene frequency and in disease incidence in future generations. Yet this must be 
viewed in perspective. I f  therapy is cheap and effective, the burden of the disease 
to the individual and to society is slight. However, if therapy is expensive or not 
very effective in terms of leading a normal life, then the burden to the individual, 
his family, and society may be large. In this case affected families will seek ways 
to prevent recurrence of the disease, and society will provide medical and coun­
seling facilities to assist in prevention and treatment.
A source of concern to the layman as well as the geneticist and physician is 
that the prevention and treatment of genetic disease may lead to serious irrevers­
ible deterioration of the human gene pool. Careful assessments of the dangers 
have already been made by Crow [ 1 1 ]  and Fraser [2 ], who found them neither 
serious nor irreversible. Indeed, as Crow has suggested, of all the controversial
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areas about the role of genetics in man, our understanding of the dynamics of 
the simple Mendelian forms of genetic disease is the best. The methods of pre­
diction are reliable and the methods of selection effective. What is important is 
for geneticists to monitor the changes taking place and to estimate the effects of 
new practices. Then rational policies can be established for prevention and treat­
ment of genetic disease, in the interests both of the individual and of society.
S U M M A R Y
The effects of a number of new medical and social practices on the incidence 
of genetic diseases and gene frequency have been studied. The results deal with 
short-term effects, since these are of most practical importance, and with the com­
bined effects of several factors acting together. The size of any effects depends 
on the feasibility of the different practices and on the extent to which they are 
adopted by the population.
Most of the practices reduce the incidence of the diseases in the next generation, 
but some may be dysgenic. For example, improved treatment of affected indi­
viduals in dominant and X-linked diseases could lead to improved reproductive 
fitness, higher gene frequencies, and to an increased incidence in future generations. 
However, such deleterious effects may be avoided by genetic counseling or offset 
by other preventive practices. In recessive disorders, a small reduction in the 
average fitness of carriers detected by population screening would outweigh any 
deleterious effects of other practices. In general there seems to be little cause for 
alarm about the deleterious effects of the new medical and social practices being 
adopted.
ACKNOWLEDGMENTS
We thank Prof. G. R. Fraser for allowing us to see early drafts of his published and 
unpublished work on these topics. Prof. A. E. H. Emery and other colleagues gave con­
structive discussion and encouragement throughout.
REFEREN CES
1. M o t u l s k y  AG, F r a s e r  GR, F e l s e n s t e i n  J :  Public health and long-term genetic 
implications of intrauterine diagnosis and selective abortion. B irth D efects: Orig 
A rt Ser 7(5) :22—32, 1971
2. F r a ser  GR: The implications of prevention and treatment of inherited disease for 
the genetic future of mankind. J Genet H um  20:185-205, 1972
3. M a y o  0 : On the effects of genetic counseling on gene frequencies. H um  ITered 20: 
361-370, 1970
4. M o rto n  N E: Population genetics and disease control. Soc Biol 18:243-251, 1971
5. H o llo w ay  S M :  Effects of medical and social practices on the frequency of dele­
terious genes in the population. Ph.D. thesis, Univ. Edinburgh, 1974
6 . H o l l o w a y  S M , S m i t h  C: Equilibrium frequencies in X-linked recessive disease. 
A m  J  H um  Genet 25:388-396, 1973
7. F raser  GR: The short-term reduction in  birth incidence of recessive diseases as 
a result of genetic counseling after the birth of an affected child. H um  Tiered 22:1— 
6, 1972
8. C u l l it o n  B J : Sickle cell anaemia—the route from obscurity to prominence. 
Science 178:138-142, 1972
G E N E T IC  D IS E A S E  F R E Q U E N C Y  P R O JE C T IO N S  627
9. C a v a l l i - S f o r z a  LL, B o d m e r  W F: The Genetics of Human Populations. San Fran­
cisco, Freeman, 1971
10. F a l c o n e r  DS: The inheritance of liability to certain diseases, estimated from the
incidence among relatives. A nn H um  Genet 29:51-76, 1965
1 1 . C row  JF :  Rates of genetic change under selection. Proc N at Acad Sci USA 59:
6 5 5 -6 6 1 , 1968
f f l P U T E R I S E D  R E G I S T E R  S Y S T E M  F O R  A S C E R T A I N M E N T  A N D  P R E V E N T I O N
I l l H E R l T E D  D I S E A S E
i;,MOORES, c. SMITH and A.E.H . EMERY
;ntgh R egional C om puting C e n tre , D epartm en t o f  Human G e n e tia s ,  
¡¡Digit U n iv e r s ity , The K ings B u i ld in g s ,  M a y fie ld  Road, 
ifotrgh 9, U.K.
4 computerised g e n e t ic  r e g is t e r  has been d ev ised  fo r  
Staining in d iv id u a ls  a t  r i s k  and p reven tin g  fu r th er  ca ses  
inherited d is e a s e . C l in ic a l  and computer s t a f f  have co­
unted to d esign  th e  system . The system  en ab les m edical 
sff to vet data and c r e a te  a s e r i e s  o f  s tru c tu red  f i l e s  which  
3subsequently be in te r r o g a te d  in  order to  a s s e s s  th e  degree  
itisk to in d iv id u a ls . D e ta i l s  o f f i l e  s t r u c tu r e , a c c e ss  
as, data chain ing te c h n iq u e s , r e t r i e v a l  language and data  
sarity are p resen ted  in  t h i s  p ap er .
PRODUCTION
With the c o n tr o l o f many in f e c t io u s  d is e a s e s  and th e  im- 
hvement of environm ental c o n d it io n s , in h e r ite d  d is e a se  i s  be­
lting re la tively  more im portant than in  the p a st as a source  
morbidity and m o r ta lity . For exam ple, in  a survey o f c h ild  
¡tality in  h o s p ita l  i t  was found th a t some 40% o f c a se s  were 
either d ir e c t ly  or in d ir e c t ly  to  g e n e t ic  e f f e c t s  [1 ] .  
ase of the in h e r ite d  or in t r in s i c  nature o f g e n e t ic  d is e a s e ,  
feial methods are  req u ired  fo r  th e  ascerta in m en t of f a m il ie s ,  
pssment of r i s k ,  g e n e t ic  c o u n se l lin g  and p reven tion  of 
ether cases o f  th e  d is e a s e  in  the fa m ily . In order to  in -  
irate information from th e s e  v a r io u s  a c t i v i t i e s  a g e n e t ic  
sister system has been develop ed  [2 ] .  T his paper d e sc r ib e s  
¡establishment o f a computing system  to  c o n tr o l the data  
tiling of th is  g e n e t ic  r e g i s t e r .
in approach was made by th e  Department o f  Human G en etics  
¡the University o f  Edinburgh to  th e  R egional Centre to  examine 
¡possibility of s e t t in g  up a computer based r e g i s t e r .  The 
pial proposals fo r  a f u l l y  com prehensive scheme were ccn -
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s id ered  to  be too  am b itiou s fo r  th e  re so u r c e s  a v a ila b le  to both 
p a r t ie s .  By mid 1970 a s im p li f ie d  system  had been proposed with 
th e  fo llo w in g  s p e c i f ic a t io n :
1 . To d es ig n  and im plement a f i l e  system  w ith  fa s t  access 
and a good d egree o f s e c u r i t y .
2. To d es ig n  a data  cap tu re  system  w hich was convenient 
and easy  to  check.
Once a  
a any of
. s e v e r a l
sis the d£ 
<> data a 
¡ i o f  p r o t
je co rrup t
3 . To d es ig n  and implement a s u i t e  o f  programs to be used 





U sing t h i s  s p e c i f i c a t io n  i t  was p o s s ib le  to  produce a systen 
w ith in  a y ea r . The a v a ila b le  r e so u r c e s  c o n s is te d  of the part 
tim e e f f o r t  o f  s t a f f  a t  th e  R eg ion a l C entre and th e  Department oi 
Human G en etic s  and a t o t a l  o f about 30 hours C.P.U. time on the 
R egion a l C en tre 's  I .C .L . 4 -75  u s in g  th e  Edinburgh Multi-Access 
System (E .M .A .S .) [ 3 ] .
1, The 
1.1. 4-75
T his economy both  o f f in a n c ia l  and human resou rces was 
n ecessa ry  in  v iew  of th e  f a c t  th a t fo r  both  p a r t ie s  the project 
was one o f  many a c t i v i t i e s .
FILE DESIGN
From the o u ts e t  i t  was n ot c le a r  how la r g e  a f i l i n g  systen 
would be req u ired . C lea r ly  th e  s i z e  o f  th e  f i l e  would be related 
to  th e  g eo g ra p h ica l area covered . In  v iew  o f  the Regionalisatioi 
of h o s p i ta l  areas I t  was d ecid ed  to  d e s ig n  a f i l e  system c. 
o f h o ld in g  about 2 5 -3 0 ,0 0 0  p e o p le .
2. The
The IMI 
it some eo 




died a 'Pi 
incides w: 
It on the 
:> only di) 
it the a<
The d e s ig n  o f th e  f i l e  form at was d ic ta te d  by the method 
o f d ata  ca p tu re . A p re-fo rm a tted  data  card has been designed 
to  en ab le  n o n -te c h n ic a l s t a f f  to  u se  th e  system  e a s i ly .  The 
la y o u t i s  arranged in  such a way th a t a p e r so n 's  data fa l ls  
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2 . M edical d e t a i l s
3 . D isea se  and fa m ily  h is to r y  d e t a i l s






















Once a person has been p laced  on th e  r e g is t e r  i t  i s  u n lik e ly  
, any of h is  p e r so n a l, d is e a s e  or m ed ica l d e t a i l s  w i l l  a l t e r ,  
"several v i s i t s  a t  d i f f e r e n t  tim e may be record ed . On t h i s  
"(s the data f i l e  was s p l i t  in t o  two s u b - f i l e s ,  one fo r  the  
jed data and are fo r  th e  v i s i t  d a ta . T his a ls o  has th e  advan- 
,,j 0f protecting a t  l e a s t  p a rt o f  th e  data in  th e  even t o f
lie corruption.
gith the record form at d e fin ed  i t  remained on ly  to  determ ine  
i records could be addressed  d ir e c t ly  and how to  connect l i k e  
;.,rds. The s o lu t io n  o f  t h i s  problem was in f lu en ced  by two
s to r s .
1, The e n t ir e  system  was to  be run on th e  R egional Centre 
{,1,4-75 under th e  E.M .A.S. op era tin g  system .
2. The programming language to  be used was IMP [4 ] .
The IMP language can be regarded as a su b se t o f PL/1, but 
¡li some extra fe a tu r e s  fo r  b i t  and ch a ra cter  m an ip u la tion .
Is an extremely u s e f u l  d ir e c t  a c c e ss  I/O  fe a tu r e  was a v a ila b le  
abling (he user to  tr a n s fe r  data  e a s i l y  betw een core and a d ir e c t  
ass storage d e v ic e .
With these a v a ila b le  f a c i l i t i e s  a u n it  o f in form ation  
¡¡led a 'PAGE' was d e fin ed  as 4096 c h a r a c te r s . This d e f in i t io n  
incides with the 'page s i z e '  used by th e  v ir t u a l  ad d ressin g  
system it on the l.C .L . 4 -7 5 . 'PAGES' are used fo r  both s u b - f i l e s ,  
relate!2only d ifferen ce  b e in g  th e  number o f record s per 'PAGE' and 
lisationp the addressing o f each reco rd , 
capable
For the f ix e d  d ata  a record  le n g th  o f  256 ch a ra c ter s  was 
¿sen. This en ab les 16 reco rd s to  be h e ld  in  one 'PAGE'. To 
less  this record th e  u ser  o n ly  has to  know th e  'PAGE' number 
:the record p o s i t io n  w ith in  th e  'PAGE'. I t  was d ecided  to  
¡a 16 b it address mechanism fo r  t h i s  f i l e ,  5 b i t s  fo r  the  
sord position and 11 b i t s  fo r  th e  PAGE number. T his a llo w s  
aximum page ad dress o f  2 ^ - 1  or 2047 g iv in g  a t o t a l  f i l e  
tacity of 32 ,752  p e o p le . T his may n ot appear to  be an 
s s s iv e  number, but i t  shou ld  be remembered th a t a co n su lta n t  





The addressing tech n iq u e  fo r  th e  v i s i t  data  f i l e  i s  the  
pas that used fo r  th e  f ix e d  data  f i l e .  The on ly  d if fe r e n c e  
iihat because th e  record  le n g th  i s  sh o r te r , 96 can be put in to  
2 'PAGE'. This in c r e a s e  in  th e  number o f  record s r eq u ire s  
Mbits to address each one and so a 24 b i t  address system  i s  
i:' 16 b it s  are used to  ad dress th e  PAGE and 8 b i t s  used to
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and resp o n se . The t r i a l  system  i s  about 64 'PAGES' in  total and 
the a cce ss  tim es fo r  data  have been  v ery  encouraging.
The s e c u r ity  o f  th e  data  i s  ensured by th e  need for a pass­
word to lo g  in  to  E.M.A.S; and a fu r th e r  password when a data
r e t r i e v a l  command i s  g iv e n . As in d ic a te d  above a l l  data in the 
f i l e s  i s  encoded and is o n ly  decoded on r e c e ip t  o f the correc t 
password. For easy  f i l e  m aintenance s e v e r a l  o ther programs have 
been s e t  up. These in c lu d e  a program to  i n i t i a t e  a f i l e  and de­
f in e  i t s  passwords and a program to  dump th e  d ir e c t  access files
onto a s e q u e n t ia l tape f i l e .
The computing system  i s  now b e in g  handed over to  the Depart­
ment o f  Human G en etic s  fo r  f i e l d  t r i a l s  le a d in g  to  i t s  fu ll  
in t e g r a t io n  in  the G en etic  R e g is te r  system . From now on the 
r o le  o f th e  R eg ion a l C entre w i l l  be th a t  o f  a C onsultant in 
im plem enting th e  system  in  p r a c t ic e .
F in a l ly ,  a lthough  th e  system  has been  w r it t e n  in  IMP and 
runs on an I .C .L . 4 -7 5 , th e  R eg ion a l C entre has developed an IMP 
system  to  run on an IBM 360 or 370. I t  i s  p o s s ib le  to move the 
e n t ir e  system  onto a 360 or 370 o p era tin g  under O.S. and use it 
e ith e r  in  a batch  mode or p o s s ib ly  under T .S .O . from a terminal,
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Sum m ary
Some familial diseases may be caused by many factors, genetic and environ­
mental, acting jointly. The value and limitations of multifactorial models 
that have been proposed for the inheritance of these diseases are discussed.
Topics considered include the complicating effects of common familial 
environment; the calculation of recurrence risks; discrimination between 
different models of inheritance; the resolution of disease heterogeneity; the 
use of associated continuous measurements; and the effects of selection 
against genes increasing liability to disease.
Keywords: f a m i l i a l ;  h e r i t a b i l i t y ;  m u l t i f a c t o r i a l ;  l i a b i l i t y ;  g e n e t i c  d isea se ;
G E N E T IC  H E T E R O G E N E IT Y ; T H R E S H O L D ; R E C U R R E N C E  R IS K
1. I n t r o d u c tio n
Problem s in assessing the importance o f heredity in human disease and in the expres­
sion of normal traits in man have long concerned geneticists and biometricians alike. 
Indeed much o f the early work in biometrical statistics stemmed from problems in 
toman genetics. So it is perhaps fitting that we should discuss some recent applica­
tions of biometrics in the study o f human disease to a meeting o f statisticians.
Diseases with an appreciable genetic component in their causation become pro­
portionally more important with the decline in the frequency o f diseases caused mainly 
by infection or by poor environment and nutrition. The number o f live-born children 
dying in the first year o f life in England and Wales has fallen from 133 per 1,000 in 1902 
to 22 per 1,000 in 1960 (see Carter, 1969). However, the number certified as dying from 
congenital malformations has remained over this period at about 4 J  per 1,000. About 
20 children per 1,000 are born with a severe or moderately severe physical malforma­
tion. Many o f these conditions show familial aggregation, that is there is an increased 
frequency in the relatives o f affected individuals, and are probably partly genetic in 
origin. A  World Health Organisation report (1972) found that 30 per cent o f admis­
sions to one North American paediatric hospital and 40 per cent o f paediatric deaths 
in the United Kingdom  were more or less directly related to “ genetic”  disease.
Diseases with an appreciable genetic component in their causation can often be 
prevented or treated as can most other forms o f disease in the population. In families 
with a family history o f a disease, further cases may be prevented by genetic counsel­
ling, or by antenatal diagnosis and selective abortion, or by special care o f individuals 
born at risk. Population screening programmes can be applied to couples, pregnancies 
or to the newborn, to allow prevention or early detection. Understanding the
tP resen t ad d re ss : A n im a l B reed ing  R e search  O rgan isa tio n , W est M ains R o a d , E d in b u rg h  9, 
Scotland.
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aetiology, including the form o f inheritance, and the risks o f genetic disease are 
important in work on prevention, treatment and care.
The object o f this paper is to review multifactorial models o f disease inheritance 
in man and to discuss their value, and their limitations, in theory and in practice. 
Section 2 gives a brief background review o f diseases inherited in a simple Mendelian 
manner. Section 3 attempts to deal with the problem in familial diseases of distin­
guishing between the effects o f genetic inheritance and the effects o f common familial 
environment. Section 4 gives a formal statistical account o f multifactorial models, 
These models are then developed and applied to various situations in the later sections 
o f the paper.
With many authors contributing, the terminology used has become varied and 
often confusing, so some standardization is needed. A  disease or disorder or condi­
tion, is said to show familial aggregation i f  the proportion affected is raised in relatives 
o f affected individuals and genetic only i f  genetic effects are established. Prevalence 
refers to the proportion o f cases existing in a population at a given time. Incidence 
deals with the proportion o f new cases occurring in a  given population over a given 
period, e.g. 1 year or a life time. A  familial disease may be termed polygenic (if many 
genetic factors are proposed) or multifactorial (if many factors o f unspecified type are 
proposed). A  disease may be termed semi-continuous or quasi-continuous if it corre­
sponds to the division o f some underlying continuous scale into two all-or-none (0,1) 
classes corresponding to diseased and not diseased.
2. S im p ly  I n h e r i t e d  D is o r d e r s
Familial diseases in man are usually divided into three main groups: (1) those due 
to a single genetic locus and usually inherited in a simple Mendelian manner, (2) those 
due to a known chromosomal abnormality and (3) other familial diseases where 
groups (1) and (2) have not so far been demonstrated. Some examples o f Mendelian 
and chromosomal disorders are given in Table 1, showing the different common forms, 
with the genotype o f affected individuals, and the most common mating type involved. 
The proportion o f affected offspring produced, and the risk to each subsequent child, 
is J  or J  for simple Mendelian disorders but very much less for incompatibilities 
and for chromosomal disorders. There is a large number o f simple Mendelian dis­
orders and traits known in man (M cKusick, 19 7 1) and though individually rare, these 
disorders are cumulatively important. Dominants outnumber recessives, probably 
because it is easier to establish their mode o f inheritance from family material. In 
other species where breeding experiments can be performed, such as the mouse, 
autosomal recessive forms o f  abnormality are the most frequent.
The basis for classifying a disease as Mendelian depends mainly on showing strict 
adherence to the simple 1 : 1  or 1 : 3  ratios expected o f genes, x-linked or autosomal. 
However, it may be difficult, even for simply inherited disorders, to establish the true 
mode o f inheritance because many factors may distort the simple Mendelian ratios. 
An extensive methodology (Morton, 1969; M orton e t a l., 1971) has been developed to 
estimate segregation ratios and other parameters. M any o f the conditions are rare 
and data are hard to collect. There are problems o f ascertainment o f probands (index 
cases) and their families; o f new mutations occurring; o f  errors in clinical diagnosis; 
of phenocopies (a similar clinical form o f non-genetic origin); o f illegitimacy; of vari­
able family size; and o f possible genetic heterogeneity (one clinical condition arising 
from different genetic loci).
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The spectrum o f familial disease from simple Mendelian forms to those with 
complex familial patterns is well illustrated in Fig. 1 (Newcombe, 1964), which plots 
the frequency in sibs o f affected individuals against the frequency in the general 
population. The dominant and recessive autosomal disorders stand out from other
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F i g .  1. R e la tio n  betw een  d isease inc idence  an d  re la tiv e  inc idence  in  sibs o f  affected individuals 
fo r  a  n u m b er o f  diseases. T h e  lines in d ica te  th e  expected  re la tio n sh ip s  fo r  sim ple dom inant, simple 
recessive a n d  E d w a rd s’ (1963) ap p ro x im a tio n  to  m u ltifa c to ria l in h e rita n ce  (from  Newcombe, 
1964).
familial disorders because o f the high risk in sibs. Other diseases show features that 
cannot be readily explained by simple strict Mendelian inheritance at a single di- 
allelic locus. These features are:
(i) the high frequency and severity o f the disease which together would imply 
either an unusually high mutation rate or some selective advantage of the 
heterozygote form (see Section 6);
(ii) the frequency o f the disease in sibs (and other relatives) o f affected individuals 
is lower than would be expected from single locus di-allelic inheritance; and
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(iii) the frequency in relatives increases as the severity and as the number o f family 
members affected increases.
Can the effects o f environmental factors added to the single locus model explain 
the observed familial aggregation patterns o f these diseases, or do we need a multi­
factorial model that involves the effects o f genes at more than one locus ?
The single locus model can be extended to include situations where the genes at the 
locus do not completely determine the presence or the absence o f the disease but do 
influence the probability that the individual will have the disease (see Section 7). 
These generalized single locus models, which include simple dominance and recessive 
inheritance as special cases, can allow for various “ noise”  factors in the expression o f 
the disease, such as variable penetrance, errors in clinical diagnosis, phenocopies, 
genetic heterogeneity, the variable manifestation o f heterozygotes and the sporadic 
non-heritable occurrence o f the disease. An extension o f the model with correlations 
between relatives in this variable translation o f genotype into disease would allow the 
incomplete penetrance to be due to genes at other loci or to environmental factors 
common to relatives. This would be a multifactorial model but with one locus having 
amajor effect on liability. We shall see later that there are difficulties in discriminating 
between single locus models and multifactorial models representing the small indepen­
dent effects o f many loci and many environmental factors. For this reason, and 
because few examples have been established, intermediate models involving two or 
three genetic loci will not be considered.
3. C om m on  F am ilial  E nv iro n m en t
Once we allow environment to be a causative factor in a disease, we have to 
recognize the fact that members o f the same family tend to share the same environ­
ment as well as the same genes. Some o f the correlations in disease incidence among 
family members may be due to common familial environments. This problem has long 
plagued studies o f heredity in man since the environment cannot be randomized among 
individuals and so the effects o f common family environment and common genes are 
confounded. Attempts to resolve this problem should be the first step in any study o f 
familial disease in man, and yet it is very frequently ignored. Unless common familial 
environmental effects can be discounted or adjusted for, then estimates o f any genetic 
parameters may be seriously in error and misleading.
The main method used to measure the importance o f common familial environ­
ments is to include in the study unrelated individuals living together. This could 
include adopted children and their adoptive parents and adoptive sibs; spouses; 
relatives’ spouses; and individuals in institutions. The assumption is made that choice 
in adoption or marriage is not directly or indirectly associated with the disease or 
trait being studied.
Another way to avoid the complications o f common familial environments is to 
estimate genetic parameters from related individuals living apart. These could be 
adopted children and their natural parents. Alternatively, differences in relationship 
of related individuals living together, such as monozygotic and dizygotic twin pairs, 
can be used. Usually, however, the data available on such groups are limited and 
special searches need to be made.
A good example o f the use o f such materials in assessing the importance o f com­
mon familial environmental effects is given for schizophrenia by Rosenthal (1970) and 
summarized in Table 2. Psychiatric diseases generally, and schizophrenia in particular
may be influenced by complex social relations within families. F or this reason, both 
biological and adoptive relatives o f  adopted schizophrenics and o f adopted controls 
were studied. The frequency o f schizophrenia in the biological relatives of the 
schizophrenia patients was very much higher than in their adoptive relatives when 
compared with the control groups. This and other similar studies (Heston, 1966;
T able  2
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The frequency  o f  schizophrenia  in b io log ica l (f i r s t  degree) an d  adoptive relatives of 
adopted  schizophrenics an d  adop ted  contro ls  (fr o m  R osen tha l, 1970)
Adopted index cases Biological relatives Adopted relatives
N o . N o . A ffected A ffected  (%) N o . A ffected  Affected (%)
33 S ch izophren ia 150 13 8-7 74 2  2-7
33 C o n tro l 156 3 1-9 83 3 3-6
Schulsinger, 1972) suggest that genetics is an important factor in causing the familial 
aggregation commonly found in schizophrenia and other psychiatric disorders. How­
ever, it must be remembered that the closeness o f a biological relationship as opposed 
to an adoptive one is not purely a matter o f genes shared.
4. M u l t i f a c t o r i a l  M o d e ls
4 .1. T he L ia b ility  M o d e l  
In one standard multifactorial model some single-dimensional quantity x, called 
liability, is assumed to determine the probability o f an individual succumbing to the 
disease. The x-values may be determined both by genes and by environment. The 
v-value may, for example, be concerned with a development rate in congenital mal­
formations such as spina bifida, the concentration o f some biochemical product in a 
metabolic disease or blood pressure in hypertensive disease. All correlations in the 
occurrence o f the disease in relatives are induced by correlations between the x-values 
o f the relatives. I f  liability is determined by many genetic or environmental factors the 
values o f x  in the population may be assumed to have a continuous distribution. We 
can then, in theory, and without loss o f generality, transform x  so that it has a Normal 
distribution over the population with mean zero and unit variance. There is a real 
assumption when we assume that, in addition to the Norm ality o f the marginal dis­
tributions, the joint distribution o f the x-values for /c-relatives has a /c-variate standard 
Normal distribution. This will be assumed in all that follows.
Let S (x )  denote the probability that an individual with value x  succumbs to the 
disease and /¿(x^Xa, ■■■,xJc; p) denote the joint density function o f the standardized 
/e-variate Norm al distribution with correlation matrix p. In the univariate case, we 
shall write
f f x i) =  «/.(xj
and
\ / i ( n )  du  =  f  (¡>{u)du —
J  —o o  J  —00
¡975] C u r n o w  a n d  S m ith  -  M ultifactorial M odels fo r  Familial Diseases 137
The frequency o f the disease in the population will be
P1 =  (f>(u)S(u)du
J  —oo
and the probability that all k  relatives in a family have the disease is
' ■< I - I  / * ( « ! »  M2)  « / c ; p )  S(u2) ... S(uk) du1 du2 . . .  duk.
/* +  C0 /* + C 0
J  —oo J  —oo
If we can calculate the probability o f each o f all possible sub-sets o f relatives all having 
the disease, then we can calculate, by simple probability arguments, the probability 
of any sub-set having the disease and the rest not having the disease.
One form suggested for .Sfx) is (Edwards, 1969)
This form simplifies the analysis since the density function o f x  among the affected 
members o f the population is
Thus the distribution o f x  among the affected individuals is the same as among the 
whole population but with the mean increased by an amount b. Unfortunately, the 
risk S (x ) =  a ebx does exceed one for sufficiently large x . Edwards’ argument that 
S(x) will only be greater than one for rare values o f x  is insufficient to justify results 
that may well be heavily influenced by rare “ probabilities”  appreciably exceeding one.
Great simplifications in the necessary computations result i f  we can assume instead 
that S(x) is a sigmoid function. We shall assume this and write
The sigmoid function is an appropriate risk function since it increases monotonically 
from 0 to 1 as x  increases from — oo to +  oo. We could allow for a base-line incidence 
of the disease, a , and an uncertainty o f disease, /3< 1, when x  is +oo by defining
In practical situations, this would require the estimation o f the parameters <x and /3 
and this may well prove difficult.
We shall assume that S { x )  =  ^ { (x —ju)/o}. The incidence o f the disease in the 
population will be
S (x )  =  a e bx( a ,b > 0 ,  — co < x+ oo ).
We may interpret this probability as
P = Prob iw + 1)< ~w+ri)
Clearly, 6 =  — p,/1/(a2+ 1) determines the population incidence o f  the disease a n d  a 
the sensitivity o f the probability o f disease to changes in the value o f x.
The probability that all o f k  relatives succumb to the disease is
Pk =  J  ^  . . .  / * ( * ! , . . . ,  x k ; p )  O j  • • ■ ® dxi -  dxk
=  Prob ( z x < — ,Z k <  >
where z 1, z 2, . . . , z k  are independent standard Norm al variables distributed indepen­
dently o f the jointly Normally distributed variables x x, x 2, ■■■,xk. Therefore,
r -e  r-e
=  ••• fk(h’ 2̂! •••> tk> p*)dh dtic>
J  —00 J  —00
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where z and a  are independent standard ized  N orm al variables. Therefore,
when
1
The multiple integrals in Pk can be reduced to single integrals involving univariate 
Normal density and cumulative distribution functions if  the matrix p  takes particular 
simple forms (see Curnow and Dunnett, 1962, for the general method and references),
4.2. Equivalent a n d  A lterna tive  M odels
The liability and risk function approach outlined in the previous section is mathe­
matically equivalent to the abrupt threshold model (Falconer, 1965, 1967) which has 
been most commonly used in practice. Earlier workers with threshold models include 
Pearson (1900, 1904, 1914), Wright (1934), Robertson and Lerner (1949), Dempster 
and Lerner (1950), Gruneberg (1952) and Crittenden (1961). In Falconer’s model, a 
Normally distributed quantity z with variance cr2 is added to the underlying x-value 
for an individual. Then all individuals with values o f y  =  ( x  +  z )  greater than a 
certain threshold, /x (Falconer’s T ), manifest the disease while those with y  less than 
p. do not. S (x )  is then the probability that z > ( f x — x )  and is therefore O{(*—p)M- 
The larger the value o f the threshold, p., the lower the frequency o f the disease in the 
population. There is some arbitrariness in the division between x  and z when, as is 
assumed here, x  is Norm ally distributed and the S (x )  function sigmoid. All that 
matters is that the z-values for different individuals must be independent. Although 
the mathematics is the same, the idea o f an abrupt threshold is less acceptable 
biologically than the idea o f a risk function (Edwards, 1969; Smith, 1970, 1971a).
In some o f the earlier work on threshold models, approximations were involved 
concerning the distribution o f y ,  =  x  +  z , among relatives o f individuals known to be 
affected. This distribution was assumed to be Normal with a different mean but the 
same variance as the distribution for the whole population. Edwards (1969) showed 
how these approximations could be avoided when disease information was available 
on a single relative by using singly truncated forms o f the bivariate Normal distribu­
tion. Aitken (1934) derived expressions for the means, variances and covariances o f 
jointly Normally distributed variables following truncation based on a sub-set o f these 
variables. Mendell and Elston (1974) and Reich e t al. (1972) used these expressions 
to derive frequencies in relatives and hence to obtain approximate risk estimates when 
disease information was available on more than one relative. These latter estimates 
were still only approximate because, although the means, variances and covariances 
were now correct, the Normality o f the y  distribution for relatives was assumed still 
to hold despite the truncation exercised on the correlated ^-values o f affected indivi­
duals. The method due to Smith (1970) to be described in Section 5 .1 and that due to 
Curnow discussed earlier in this section have removed this final approximation from 
the calculation o f risks.
To interpret the above results about the threshold model into the form commonly 
used in quantitative genetics, we need to assume that all o f the causes o f familial 
correlation are genetic, or that any non-genetic familial effects have been removed. 
Then assuming that the genetic variance is entirely additive the heritability (Falconer, 
1965) of liability {y  =  x  +  z )  can be defined, in the present notation, as
var(x) _  1
v a r (x + z )  a2 +  l ‘
The correlation in liability between any pair o f relatives is then
P* =  p/(c2+ 1),
where p is the genetic relationship between the relatives concerned (see Section 5.1). 
The threshold model can be used when the genetic variance includes dominance and 
epistatic components providing only that the correlations o f liabilities are estimated 
from the appropriate types o f relatives or from a knowledge o f the values o f the various 
components o f the genetic variance in the population studied. Care will have to be 
taken if there are correlations between the liabilities o f parents.
In much o f the work now to be described the following assumptions are made:
(i) that there are no birth-order effects,
(ii) that the x-values o f parents are uncorrelated, and
(iii) that the correlations between a child and a parent and between two sibs are 
equal.
The last assumption would be true if  the variance in x  was entirely additively genetic 
and the environmental and infective correlations between sibs and between parents 
and offspring were all equal. The predictions made for other relatives require stricter 
assumptions such as that the correlations are entirely due to genetic effects and to the 
additively genetic variance.
Morton e t al. (1970) have suggested an alternative multifactorial model for disease 
inheritance based on the concept o f genetic load. I f  the risks p lt p 2, . . . , p n arising from 
each of a large number, n, o f factors are small and independent, then the total risk to
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n
p  =  i - n ( i - A ) ,
i=i
and approximated by the formula
P  =  1 - e x p ^ - S A j -
A  =  S f= ¿ Pi is called the load. Sex differences and the effects o f inbreeding can be 
allowed for but, without these complexities, the load for a relative with degree of 
relationship R  is A  +  C R  where A  is the population frequency and C  is a measure of 
the additive effects summed over loci. Given the population frequency and the 
frequencies in relatives o f affected individuals, values o f A  and C  can be estimated. 
The model does allow dominance and, providing the exponential approximation is 
still sufficiently accurate, large effects on the load scale. This model will not be dis­
cussed further. In general it provides results very similar to those derived from the 
multifactorial model presented in this section and the single locus models with incom­
plete penetrance to be developed in Section 7. The only exceptions to this similarity 
occur when the penetrance is virtually complete or where the frequency o f the disease 
is low and the heritability o f the multifactorial model is high.
5. A p p l ic a t io n s  o f  th e  M o d el
5.1. A ssum p tions a n d  R ecurrence R is k  C alculations  
Much o f the application o f the multifactorial model so far has been concerned 
with the estimation o f p*  =  p / ( l + a 2), from information about the incidence (Px) of 
the disease in the population and the incidence P JP i, o f the disease in relatives of 
affected individuals. We shall not discuss the detailed problems o f estimation (see 
Reich e t al., 1972; Draper 1974; Mendell and Elston 1974). The relatives most usually 
considered have been first-degree relatives (parents, children, brothers or sisters) but 
monozygotic twins, second-degree relatives (uncles, aunts, nephews, nieces and 
grandparents) and third-degree relatives (cousins) have also been studied. I f  the cor­
relations between the x-values o f relatives are due to additive genetic effects at many 
loci, then p =  1 for monozygotic twins, p  =  \  for first-degree, p  =  \  for second-degree 
and p =  £ for third-degree relatives, p  and a  can be estimated given estimates of P¡ 
and p*. The single integral forms for P k mentioned above can then be used to derive 
probabilities o f disease patterns for some simple groups o f relatives, and hence 
recurrence risks for individuals with particular family histories o f disease. The proba­
bilities can be used to check the adequacy o f the model using information available 
on the frequency o f familial patterns o f disease and the recurrence risks can be used 
in genetic counselling. Curnow (1972) used the integral reductions to tabulate the 
risks for individuals given disease information on their parents, on one parent and one 
sib; or on one, two or three sibs. He also tabulated risks given information on a 
monozygotic twin; two such twins; or on a twin and a sib or a parent.
Smith (1971a) used numerical integration to study a wide range o f family situa­
tions. Dividing the range o f values o f the underlying quantity into a large number of 
small non-overlapping intervals (i), the frequency ( f ) ,  the probability (Pt) that an 
individual with underlying value at the midpoint o f the interval succumbs to the 
disease, and the probability (P[) that a particular relative (e.g. a sib) succumbs were
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derived. The frequency o f the disease among these relatives, that is the recurrence 
risk, is then
I . f i P i P ' i l 'L f i P i ,i I i
where the summation is over the intervals. B y increasing the number o f intervals any 
desired accuracy can be achieved. Graphs were then drawn, for various values o f p* , 
of the frequency o f the disease in relatives against the frequency ( P J  in the population. 
Recurrence risks in individual families given varying amounts o f information, both 
positive and negative, about members o f the family were also studied. The distribu­
tions of x  for all original and all intermediate members o f independent branches o f the 
family were split into classes. The probabilities o f patterns o f occurrence o f the disease 
for given sets o f classes can then be added over all combinations o f classes, weighted 
by their frequencies to obtain the recurrence risks. The method can also take account 
of sex and severity differences, and differences in heritability with age. F or the more 
complex family histories approximate methods must be used (Smith 1971a). Smith 
also derived confidence limits for the recurrence risks. Fig. 2  shows some o f the 
results obtained by Curnow (1972) and Smith (1970, 1971a). The recurrence risks and 
population frequencies are on logarithmic scales. With these scales the recurrence
F ig . 2. Recurrence risks for multifactorial inheritance in a variety of sibships, with heritability (A2) 
of 80 per cent. Broken lines include normal relatives.
risks are approximately linearly related to population frequency allowing easy inter­
polation. With two or more first-degree relatives affected the risks increase sub­
stantially. The inclusion o f unaffected relatives decreases the risk only slightly and 
they may be ignored, unless the disease incidence is high.
For simple cases, for example with one relative affected, observed or “ empiric” 
risks are available and the risks are usually low— less than 5 per cent. These risk 
estimates are termed empiric, because they do not depend on any genetic model. 
However, they are average values and do not allow for differences in risk between 
families dependent on their detailed family history, in terms o f severity, age of onset 
and sex. A  range o f risk estimates may be needed depending on the age and sex of the 
individual to whom the risk estimate is to be applied. When such factors have to be 
considered or when there are two or more affected individuals in the family there are 
usually no empiric risk estimates available for use in counselling.
Further information on the family history, including information about second- 
and third-degree relatives, is usually available. Estimation o f risks can thus become 
very complex and the risk may need to be evaluated uniquely for each particular 
family. A  computer program (r is k m f )  is available to do this (Smith, 1972). It takes 
all the above factors into account, but only approximately for second- and third- 
degree relatives. A  series o f risk tables has also been prepared for some 180 possible 
family histories for the major congenital abnormalities (Bonaiti-Pellie and Smith, 
1974) and these may be useful in genetic counselling.
T able  3
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C left lip  ±  d e f t  p a la te 0 1 3-1 0-41 +  0 0 2 C a rte r  (1969)
(first-degree relatives)
S p ina  bifida a n d  an encephaly  (sibs) 0-29 4-4 0-38 ± 0 -0 2 C a rte r  an d  Evans
(1973)
C ongen ital py lo ric  stenosis 0-30 4-0 0-37 ± 0 -0 2 C a rte r  an d  Evans
(first-degree relatives) (1969)
S ch izophren ia 1-00 G o tte sm a n  and
S hields (1967)
m z  tw ins 53 0-89 +  0-06
d z  tw ins 14 0-46 +  0-05
Sibs 10 0-39 +  0-02
All first-degree relatives 10 0-39 +  0-02
A ll second-degree relatives 4-6 0-28 +  0-02
As a simple example o f the calculation o f liability correlations from which com­
plex risks could be derived, consider the condition cleft lip with or without cleft palate 
(Carter, 1969). The incidence o f this congenital abnormality is about 1 per 1,000 and 
about 31 per 1,000 in sibs o f affected individuals. The estimated correlation in liability 
among sibs from this information is p*  =  0-41 ± 0 -02 . Correlation coefficients for 
several other congenital abnormalities are given in Table 3 (Bonaiti-Pellie and Smith,
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1974). Correlation estimates can be derived from different groups o f relatives as is 
shown for schizophrenia in Table 3. To compare the different estimates they have to 
be converted into estimates o f heritability o f liability, 1/(1 +  a2), by taking account of 
the degree o f relationship, p, between the relatives and by removing or discounting 
any common familial environmental effects contributing to the correlation. Signifi­
cant differences among heritability estimates from different relatives, or heritabilities 
exceeding unity may suggest that dominance or epistasis may be important, that the 
multifactorial model may not apply or that non-genetic familial effects have not been 
adequately discounted.
5.2. S e x  a n d  A g e  E ffe c ts  a n d  D ifferences in Severity
In estimating the correlation between the liability, x ,  o f relatives, there are often 
complications because the disease may occur with varying severity and the disease 
frequency may depend on age and sex. In some disorders the sex with the lower 
incidence often has the higher frequency o f affected relatives. This apparent reversal 
of frequencies is quite consistent with the multifactorial model. This is because the 
sex with the lower frequency will have its risk function S (x ) ,  =  <D{(x—/x)/cr}, dis­
placed to the right o f the risk function for the other sex. Hence, an affected individual 
of the sex with the lower frequency will probably have a higher x ,  or liability value, 
than affected individuals o f the other sex. Their relatives will also tend to have higher 
liabilities and so a higher proportion o f them will be affected. A  good example o f this 
is given by the congenital abnormality pyloric stenosis, in Table 4. Females are less 
frequently affected but their relatives are at higher risk and the pattern appears 
confusing. However, when the correlations are estimated from the different sets o f 
relatives (comparing the frequency in relatives with the population incidence in the 
same sex) the anomaly in the frequencies is largely resolved and the estimates can be 
pooled to give a single estimate o f liability correlation for the disorder.
T able 4





















0-32 +  0-04 
0-48 ± 0 -05
2-2
6-6
0-37 +  0-06 
0-47 ± 0 -0 7
P o o le d  e s tim a te  0-40 ± 0 -025 .
To take account o f different levels o f severity o f a disorder two, or more, risk 
functions differing in location, i.e. in p., can be used corresponding to the different 
severity classes. Similarly, the onset age o f a disorder, such as diabetes, may be 
associated with liability and a range o f risk functions may be constructed for the 
different age groups.
Moving the risk function, $ { ( x — f) /o } ,  relative to the mean o f the liability dis­
tribution changes only /x, not a. A  further possibility would be to allow differences 
in a, and hence in heritability for the two sexes, for different age groups and for 
different severity classifications.
Several other factors may be more difficult to take into account in analysis, such 
as (1) differential mortality o f affected individuals (Smith e t al., 1972 ; Draper, 1974),
(2) inappropriate or unreliable estimates o f incidence (Smith, 1974) and (3) different 
rates o f detection and diagnosis for patients and for relatives (Smith, 1974).
5.3. Concordance in Tw ins
Monozygous ( m z )  twins have the same genotype, so i f  a condition is entirely 
genetic in origin, concordance in m z  twin pairs should be complete, as it is for the 
strict Mendelian disorders. This is rarely the case in the common familial diseases. 
Often the m z  concordance rates are quite low, even for conditions which would other­
wise be thought to have an important genetic component. Here the concordance rate 
is the proband concordance rate, i.e. the proportion o f affected co-twins of inde­
pendently ascertained affected individuals. In fact low concordance rates are expected 
with the multifactorial (M F) model, especially in conditions with low population 
prevalence, as shown in Fig. 3 (Smith, 1970). This is because the prior risk to any 
individual with a given “ genotypic”  liability, is low and so, assuming no environ­
mental correlation, the risk to an m z  co-twin with the same genotype as his affected 
twin is also low.
144 C u r n o w  a n d  S m ith  -  M ultifactorial M odels fo r  Familial Diseases [Part 2,
F ig . 3. E xpected  “ p ro b a n d ”  c o n co rd an ce  ra te  in  m o n o zy g o tic  ( m z )  tw ins g iven th e  population 
frequency  an d  th e  c o rre la tio n  in  liab ility  (fro m  S m ith , 1970).
This result may remove some o f the confusion in comparing results in twins and 
other relatives. For example, estimates, from relatives other than monozygotic twins, 
o f the heritability o f clubfoot (talipes equinovarus) range from about 0-60 (Wynne- 
Davies, 1970) to 0-68 (Ching e t al., 1969). However, these estimates seemed to con­
flict with Idelberger’s (1939) result o f a 33 per cent concordance rate for mono­
zygotic twins. Yet, with a population incidence in Caucasians o f  0-12 per cent,
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Fig. 3 shows that a concordance rate o f 33 per cent is in fact not too low but instead 
is rather high, for heritabilities in the range 060-0-68.
5.4. R eso lu tion  o f  G enetic H eterogeneity  
The frequency o f one disease in relatives o f patients with another disease can be 
used to measure the degree o f genetic association between two diseases or to resolve 
genetic heterogeneity. This procedure is, o f course, used intuitively by physicians in 
grouping or resolving various clinical forms or groups o f disease. A  simple 2 x  2  x a 
test of the numbers with form 1 and with form 2 among relatives o f patients with form 1 
and of patients with form 2 can be used to test for complete association. For example, 
spina bifida and anencephaly are usually classified as different abnormalities but they 
run together in families as shown from data o f Carter e t al. (1969) in Table 5. The 
2x2  x 2 ° f  numbers in Table 5 was not significant and, with similar results from 
other studies, the two forms are usually considered as different manifestations o f the 
same genetic disorder.
The same procedure can be elaborated and quantified using the multifactorial 
model o f disease liability. Given two groups— separated on any criterion, clinical, 
biochemical or statistical— the genetic correlation in liability (Falconer, 1967) can be 
estimated as
K M K A )  or K M i K * \
where h2 is heritability, the first subscript refers to patients and the second to relatives, 
and 1 and 2 refer to the two disease groups separated. For example, in Table 5 the 
estimates o f genetic correlation between spina bifida and anencephaly are very high, 
showing that the two conditions are closely associated and can be treated in risk 
estimation and in genetic analysis as one condition. Similarly to test for genetic 
independence, a null hypothesis o f a genetic correlation o f zero can be tested. Note 
that if a disease is made up o f two or more independent sub-groups, then the herita­
bility o f the combined condition will be decreased (not increased as suggested by 
Edwards, 1969).
Falconer’s (1967) simple method for estimating the genetic correlation in liability 
between two diseases or groups depends on assuming that the genetic correlation is 
zero, or is unity (Smith e t al., 1972). I f  it is intermediate then the method is not 
strictly appropriate due to overlapping o f the distributions o f the two forms. How­
ever, it has been found (Smith, unpublished) that the simple estimates o f the genetic 
correlation will give a very good indication o f the true genetic association between the 
two groups and is unlikely to mislead the investigator in interpreting his data.
5.5. A ssoc ia ted  C ontinuous Traits  
So far, estimates o f recurrence risks have used only the disease status, normal or 
affected, o f relatives. Often there is additional information on graded or continuous 
traits associated with the condition that can be incorporated to improve the estimated 
risk in a particular family. For example, blood pressure in hypertension, intra-ocular 
pressure in glaucoma or blood glucose levels in diabetes could be measured in the 
person at risk and in relatives and these would be informative in estimating recurrence 
risks for these diseases. The trait may define the disease, be a factor in its causation 
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The important assumption that will be made here is that the risk o f the disease is 
related to the continuous trait only through the latter’s correlation with the liability, x . 
The effect o f knowing the value o f the correlated trait in the individual or in some 
relatives is then simply to change the mean values o f the liabilities and the variances 
and covariances o f these liabilities. A s before, Aitken’s (1934) formulae for the 
adjustment o f variances and covariances to allow for truncation on these variables 
can be used to obtain approximate risk values (Smith and Mendell, 1974). The 
approximation again being that truncation on other variables has affected means, 
variances and covariances but not the Normality o f the distributions. Curnow’s exact 
method based on reduction o f risks to single integral forms can be used when informa­
tion is available on the individual and one relative and to more extensive situations 
providing the pattern o f the liability correlation matrix takes the required structural 
form (Curnow, 1974). The approximate results (Smith and Mendell, 1974) agree well 
with the exact results derived by Curnow (1974) when only one relative is involved but 
the accuracy when several relatives are involved is not yet known.
The mean, variance and heritability o f the correlated trait can be estimated 
from data in the usual way. The correlation between the trait and liability is estimated 
from a comparison o f the mean values o f the trait for affected and for unaffected 
individuals.
The calculations made show that estimates o f risk can be substantially changed by 
inclusion o f data on the associated trait. The overall value o f the associated trait in 
increasing the precision o f the risk estimate will depend on its correlation with liability 
to the disease. A  good measure o f its value is the additional proportion o f the variation 
in liability accounted for by the associated trait, above that explained by the informa­
tion on disease status (Smith and Mendell, 1974). I f  the correlation with liability is 
low then the trait adds little information and if  the correlation is high then the 
individual’s own value for the trait (as one’s own blood sugar level in diabetes) gives 
a better estimate o f liability to the disease than all the family history. Thus it is largely 
when the correlation between the trait and liability is intermediate, or when the 
individual at risk cannot be measured, perhaps because he is too young or not yet 
born, that an associated trait will be used with family history in risk estimation. A  
computer program (r is k c t )  is available to do the necessary calculations.
Hopefully, clinical research will lead us to a fuller understanding o f the nature o f 
the liability, x . The results obtained about the relevance o f a correlated trait include 
as special cases the trait being x  itself or being an estimate o f x  subject to error. We 
are therefore able to test hypotheses that particular measurable quantities are x  or 
estimates o f x . It must be remembered that we have not assumed that x  determines the 
occurrence o f the disease, but only that x  is a partial determinant o f the disease that 
includes all the factors leading to correlations between the incidence o f the disease in 
relatives.
I f  the underlying variable is identified, then a series o f thresholds can be selected 
and estimates o f the correlation in liability between relatives can be derived for each 
threshold level. Reich et al. (1972) found good agreement in estimates o f the cor­
relation for data on the number of lung tumours in mice exposed to urethane. How­
ever, Trimble (19 7 1) working with some half a millon records on birth weight in man 
found highly significant differences between estimates from thresholds at different 
parts o f the distribution. He was unable to get a transformation to a Normal dis­
tribution and concluded that the methods may be very sensitive to departures from 
Normality and warned against uncritical application o f the models.
6 .  D i s e a s e  F r e q u e n c i e s  a n d  S e l e c t i o n
Natural selection is continually reducing the frequency with which individuals with 
certain diseases reproduce. This will lower the frequency o f any genes that increase 
the liability to these diseases. It is therefore reasonable to ask why so many diseases 
with a genetic component in their causation have not been eliminated from the 
population.
Severe recessive diseases tend towards an equilibrium in which the incidence of the 
disease is equal to the rate o f mutation from the normal to the harmful form of the 
gene at the locus concerned. Mutation rates are thought to be o f the order o f 10~6 or 
much less (Cavalli-Sforza and Bodmer, 19 7 1) so the balance between natural selection 
and mutation may explain the frequency o f many o f the recessive inborn errors of 
metabolism such as phenylketonuria, with its frequency o f about 7 x  10~5. The 
selection pressure against one o f many genes acting additively, or otherwise, on 
liability in a multifactorial model will be less than the pressure at a single locus fully 
determining the occurrence o f the disease. This will result in higher equilibrium fre­
quencies for the harmful genes.
Another possible mechanism for maintaining deleterious genes in populations is a 
selective advantage for heterozygotes over both homozygotes. The best known 
example o f this is sickle cell anaemia which is caused by a recessive allele. Hetero­
zygotes for the sickling allele have a fitness some 25 per cent superior to that o f normal 
homozygotes in areas where malaria is endemic. The recessive homozygotes have very 
low fitness and the frequency o f the diseases in malaria areas is about 10  per cent. 
Similar, but unknown, mechanisms have been proposed to account for the high fre­
quency o f some o f the inborn errors o f metabolism such as cystic fibrosis in Caucasians. 
A  2 per cent advantage in fitness for heterozygotes over the normal homozygotes is 
almost sufficient to account for the current frequency o f the disorder (5 x  10 -4) but an 
advantage o f only 2 per cent would be very difficult to detect in practice, particularly 
since heterozygotes cannot, as yet, be reliably distinguished from normal homo­
zygotes. Individual loci in the multifactorial model may also have genes held in 
equilibrium by similar forces.
Genes could also be held in equilibrium if  individuals with a high liability value 
but not suffering from the disease had a slight superiority in fitness compared with 
individuals with a low liability value. A  reduced fitness for individuals with low 
liability values would result in the preferential selection o f individuals with inter­
mediate liability values. This could lead to equilibrium gene frequencies but doubts 
exist about the stability o f such equilibria (Robertson, 1956; Curnow, 1964).
So far in discussing selection we have assumed that large populations are involved. 
An abnormally high frequency o f some Mendelian and multifactorial disorders in 
small isolates and in some populations may be due to the founder effect or to the 
random drift o f gene frequencies (Rao and M orton, 1973).
Even with large populations, the relevance o f equilibrium results depends on a 
constant environmental and genetical background for selection and mutation over 
many generations. The changes in gene frequency each generation are often small, of 
the order o f the mutation rate or the selective pressures at individual loci. We may 
therefore be observing the effects o f genes that previously had selective advantages or 
disadvantages but are now moving slowly towards new equilibria or towards elimina­
tion. For example, consider a gene that was previously at equilibrium as a recessive 
for a lethal disease but the disease has been harmless for the last t  generations.
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The gene frequency will be
<7( = 1 - ( 1 - M)(( 1 - « * ) .
With u =  10~5, it takes 130  generations to multiply the gene frequency by J 2  and hence 
double the frequency o f the now harmless disease.
7. D is c r im in a t io n  b e tw e e n  D i f f e r e n t  M o d e s  o f  I n h e r i t a n c e  
Is it possible to discriminate between the different modes o f inheritance proposed 
for familial diseases using data likely to be available? Edwards (1960) in a now classic 
paper showed that it would be very difficult to discriminate between different modes 
of inheritance. A ll models tended to give similar familial patterns o f frequencies so 
that differences in, for example, the predicted fall-off o f incidence with decreasing 
genetic relationships, would be slight.
Moreover, a great variety o f genetic models could be proposed for testing. W ork 
in this area has tended to try to discriminate between a single-locus, two-allele model 
and the multifactorial model. I f  the methods used cannot discriminate between these 
extreme models, it is unlikely that they will be able to discriminate between inter­
mediate models. Even with continuous traits there are difficulties in deciding whether 
a major gene is involved or in estimating the number o f loci that are influencing the 
character (Elston and Stewart, 19 73 ; M acLean e t a l., 1974). These difficulties are 
bound to be greater with 0 , 1  characters such as diseases that can be treated as having 
a single level o f severity. O f course, it will never be possible, without identifying the 
loci concerned, to prove that a certain genetic model applies. It may be possible to 
disprove certain models i f  they provide an unsatisfactory fit to the observed data. 
Unfortunately, in practice the observed data may be biased from various factors, such as 
familial environmental effects, genetical and clinical heterogeneity, errors in diagnosis 
and in parentage and biases in ascertainment o f families and in estimation o f population 
incidence. The discovery and use o f associated variables closely correlated with liability 
(see Section 5.5) might make discrimination between different models easier.
The strict Mendelian one-locus two-allele model can be generalized as follow s:
Genotypes A 1A 1 A XA 2 A 2A 2
Frequency q 2 2q(\ —q) (1 —q)2
Proportion manifesting f n  f 12 f 22
the disease
A recessive gene with complete penetrance would have f n  = / 12 =  0, f 22 =  1 and a 
dominant gene with complete penetrance / u  =  0, f 12 =  f 22 =  1 . The expected pro­
portions o f each genotype among affected individuals and the expected frequency o f 
the genotypes (and so o f the disease) in relatives o f affected individuals can be derived 
(Campbell and Elston, 1 97 1 ;  James, 1971). Note that this model assumes that there 
are no other genetic factors, common to relatives, to modify the expression o f the 
major locus. This is biologically unlikely. It has been shown with laboratory animals 
that penetrance can often be modified by selection. However, it provides an extreme 
model with which to contrast the multifactorial model.
Elston and Campbell (1970), Wilson (1971) and Kidd and Cavalli-Sforza (1973) 
have fitted the above model, using maximum likelihood methods, to familial frequency 
data on schizophrenia and obtained a reasonable fit with several parameter sets (for 
example, q  =  0-06,/ u  =  0, / 12 =  0-08, f 22 =  1-0, i.e. all homozygotes and 8 per cent o f 
heterozygotes for a particular allele manifest the disease). Chung e t al. (1974) have 
also applied the model to sibship segregation data on cleft lip (with or without cleft
palate) with results o f a similar form. The multifactorial model with only two para- n
meters also gave a reasonable fit to the data, so no resolution between the models was «
possible. However, the best fitting multifactorial models did imply higher recurrence p
risks in sibships than the single-locus model. n
Kruger (1973) and Smith (1971b) have tried to determine in what situations dis­
crimination between these extreme models o f inheritance would be possible. Their c
approach was to generate data by computer on one model and to test the fit achieved e
to it by the other model, and vice versa. It was found that even with large numbers c
o f individuals and neglecting sampling fluctuations, for a wide range o f situations one h
model could generally satisfactorily fit (as judged by x 2 goodness o f fit tests) the data d
generated by the other model. This was true both for the data on the incidence in t<
particular relatives aggregated over families, as well as for data on segregation within ii
sibships. The single-locus model could always fit data from the multifactorial model, n
except when, as for many o f the “ common”  congenital abnormalities in man, the d
correlation between relatives was high and the incidence o f the disease was low. On 
the other hand, i f  a fairly strict Mendelian situation applied, the multifactorial model ft
would usually be readily rejected. In summary, a set o f parameters for the single- n
locus model could usually be found which fitted the multifactorial data, but not vice b
versa. Some o f the parameter sets obtained for the single-locus model were rather cl
extreme, and not very acceptable biologically. It may therefore be appropriate to tl
include a term for the prior probability o f obtaining an extreme parameter set and r<
weight the likelihood o f the two models appropriately. h
Some theoretical insight into the problem o f model discrimination was given by p
James (1971), who showed that there were only three independent estimable para- li
meters in the generalized single-locus model, namely the disease incidence and the B
additive and dominance components o f the genetic variance in incidence. Thus an ai
infinite set o f q, f n ,  A z  values will fit any set o f  data that can be fitted at all. The h
single-locus model cannot give rise to any epistatic genetic variance (i.e. variance due d
to interaction between loci) while the multifactorial model can. However, with the h
multifactorial model epistatic variance in incidence is only large when the heritability n
is high and the disease incidence is very low (Dempster and Lerner, 1950) and so gi
discrimination may only be possible in these situations, confirming the results from b:
the computer simulations described above. it
A  method to discriminate between the models, depending on identifying different es
levels o f manifestations o f the disease, or equivalently multiple thresholds, has been 
proposed by Reich e t al. (1972). With two or more thresholds the expected familial tc
frequencies, especially for m z  twins, may be different for the two models and so dis- fa
crimination may be possible. They applied their model to data on the number of p
induced lung tumours in mice. Selecting two threshold levels ( 1 1  and 18 tumours, fr
respectively) they were able to reject (P  <  0-005) a single-locus model but not the multi- k
factorial model o f liability. In practice, it may be difficult to identify two thresholds, a]
or to get them far enough apart, for adequate discrimination or to ensure that the a<
thresholds occur on the same scale o f liability (see Section 5.4). Moreover, rejection of tl
the single-locus, two-allele model does not exclude other simple models such as one p:
locus with multiple alleles, or two loci.
So as to use concurrently all the information in each family, Elston and Stewart 
(1971) have developed a generalized method o f analysing family histories. They have 
given methods for writing the likelihood o f a pedigree and then o f finding the maximum 
likelihood estimators o f parameters given data from a number o f families. Different fr
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modes o f inheritance can be proposed and the fit to different models compared. By 
using all the information in the pedigree concurrently these methods should be more 
powerful in discriminating between different modes o f inheritance than any o f the 
methods described previously.
Another approach has been developed by Morton and M acLean (1974). Their 
concern is to test if, in addition to many loci with small effects, a locus with major 
effects exists. So they have specified a model with both multifactorial and single-locus 
components. Rather than rely only on the binomial variate, normal or affected, they 
have included a continuous trait, such as glucose tolerance levels in diabetes, in 
defining the liability o f an individual. Analysis o f a continuous variate may be five to 
ten times more powerful in detecting a major locus, than for a binomial trait, and 
initial trials with simulated data suggest that any loci with major effects, defined as 
more than 1 standard deviation difference between the two homozygotes, could be 
detected (M acLean e t al., 1974).
These and other methods are being used to try and resolve the inheritance o f many 
familial diseases. However, the biological interpretation o f the statistical results may 
not be satisfactory or reliable. Only when individual loci associated with the disease can 
be identified will the question be resolved. This will depend more on laboratory and 
clinical research, rather than statistical analysis. A  good example o f this is given by 
the condition ankylosing spondylitis. This disease has a frequency o f 4 per 1,000 with 
recurrence risks in first-degree relatives o f about 4 per 100. Previous genetic analyses 
had concluded that the condition was inherited either as an autosomal dominant with 
penetrance o f  70-80 per cent or as a multifactorial disorder with a heritability o f 
liability o f 70 +  9-3 per cent (Emery and Lawrence, 1967). However, recently 
Brewerton e t al. (1973) found a very close association o f the disease with the allele W27 
at the histocompatibility locus H L-A , with 90-95 per cent o f affected individuals 
having this allele compared with about 5 per cent in the normal population. Thus the 
disease is largely inherited as an autosomal dominant with a penetrance o f 8 per cent 
in males and 1 per cent in females. This major locus affect was not detected by the 
methods described earlier. Actually, frequencies in second- and third-degree relatives 
give heritability estimates over 100 per cent, but the standard errors are large and 
biases in these relatives are difficult to discount. This example highlights the danger 
in concluding that inheritance is multifactorial simply because reasonable heritability 
estimates are obtained.
In the current state o f knowledge about many diseases, the choice that may have 
to be made is between a single-locus model with incomplete penetrance and a multi­
factorial model. The multifactorial model with its two parameters, fx and cr, or Px and 
p* (A2), often appears to be adequate to describe the available facts— the population 
frequency, the risk to first-degree relatives and other relations, and the concordance 
rates in monozygotic twins. A  single-locus model with incomplete penetrance could 
also nearly always be found to explain the data because such a model, even with 
additivity at the locus, has three parameters— the risks for the two homozygotes and 
the gene frequency. The advantage o f the multifactorial model is that it requires fewer 
parameters.
8 .  D i f f e r e n t  G e n e t i c  M o d e l s  a n d  t h e i r  E f f e c t s  o n  E s t i m a t i n g  
R e c u r r e n c e  R i s k s
The recurrence risks for the single locus model can be derived from first principles 
from the Mendelian frequencies and segregation ratios (e.g. Elandt-Johnson, 19 7 1,
Chapter 7). To carry out the calculations, Heuch and L i (1972) have developed a com­
puter program, p e d i g ,  that gives the risks with the single-locus model for any family 
history. Computer programs to calculate recurrence risks with the multifactorial 
model have already been referred to in Section 5 .1.
For simple family histories all the models will tend to give good, and therefore 
similar, risk estimates. This is because their parameters are directly derived from 
the empiric risks. The difficulties mentioned earlier in discriminating between 
different models do imply a certain robustness in derived risk estimates to the particular 
model used. Two questions arise, (1) do the different models lead to different risk 
estimates in more complex family histories ? and (2) how well do the estimated risks 
compare with any empiric risks available for complex families ?
Comparisons with empiric risks for complex family histories are few because of 
the difficulty in collecting sufficient families with several affected individuals. Multi­
factorial risk estimates for diabetes were in reasonable agreement with empiric risks 
calculated from familial data (Darlow, 1972). On the other hand, empiric risks with 
two or more affected relatives for cleft lip ± cleft palate (Woolf, 19 7 1) were sub­
stantially higher than the multifactorial or single-locus risks estimates (Chung et al., 
1974).
Morton (1969) has suggested a further model to obtain recurrence risks for sibs 
when the disease risks are variable between families. Using a method due to Skellam 
(1948), he assumed that the distribution o f risk p , between fam ilies was a Beta dis­
tribution with parameters a  and /3:
px 1 (1 — p)P~1
¿ J )  » 0<*<L
The population incidence is a/(a+jS), and the frequency in sibs o f  an affected indivi­
dual, is ( a +  1)/(oí +  ¡3+ 1). a. and ¿8 can be calculated given values o f the population 
incidence and the incidence in sibs o f affected individuals. In general, the recurrence 
risk, given s  sibs with r  affected is (a + r)/(a+ ¡3 +  s). The values o f a  and /? for sibships 
with 0, 1 and 2 affected parents can similarly be derived. Smith (1971a) and Mendell 
and Elston (1974) compared the predictions o f this model with the multifactorial 
model and found good agreement when only one or two sibs were affected but less 
good agreement if  there were more affected individuals in the fam ily when the multi­
factorial model usually gave the higher recurrence risk estimates. Van Regermorter 
and Smith (1974) studied risks derived by the single-locus and Beta models for a range 
o f parameter values which were compatible with selected heritability values for disease 
liability. When the penetrance o f homozygotes was high, the recurrence risks were 
fairly similar for all three models. However, as the penetrance fell the risks for the 
single-locus model reached a plateau equal to the penetrance level and did not increase 
with further affected relatives. Thus different single-locus parameter sets, fitted to the 
same observed data, may lead to quite different estimates o f recurrence risk.
9. D iscu ssion
The main value o f the multifactorial model has been as a statistical tool to sum­
marize data on frequencies o f familial disease into standard and interpretable statistics. 
The results for diseases can be couched in the same form, correlations or heritabilities, 
as for continuous traits and so are easily understood. Tests can be made between 
results from different relatives o f those affected and from different populations. If 
estimates are similar they can be combined to give a single estimate o f the relative
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importance o f heredity in the aetiology o f the disease. I f  they differ, they may give 
guidance as to the mode o f  inheritance or to the other factors, environmental or 
genetic, affecting liability to the disease. A n important property o f the estimate o f 
the heritability o f liability is that it is not a direct function o f the level o f the incidence 
of the disease. M any o f the earlier summarizing statistics, such as Penrose’s K  ratio, 
(PJP{) in our notation, Penrose (1953), Edwards’ empirical result P2 =  Pf> Edwards 
(1963) and Holzinger’s (1929) “ index o f heritability” , were not successful in separating 
the concepts o f “ heritability”  and the level o f disease incidence.
The multifactorial model generally gives very similar results to the single locus 
model with incomplete penetrance. The multifactorial approach is no more difficult 
computationally and is, we believe, often more plausible.
The main antagonism to the model has arisen because many workers have con­
cluded, on finding that the model fits, that in fact inheritance must be multifactorial. 
This non-logical step is hard to avoid, but can lead to serious errors in interpretation. 
For example, several quantitative traits known to be largely controlled by a single 
locus with multiple alleles may mimic multifactorial inheritance (Eze e t al., 1974) and 
finding a locus closely associated with ankylosing spondylitis (see Section 7) should 
warn o f the dangers o f  false inferences.
Two important uses o f the model, in estimating recurrence risks and in discriminat­
ing between modes o f inheritance, have been covered in the previous sections. These 
applications depend more on computing than on advanced mathematics. Providing a 
model with which to contrast simple Mendelian models o f inheritance may prove 
important, since i f  tests fail to detect major loci segregating for the disease, some form 
of inheritance which will tend to the multifactorial model may be assumed by default, 
and its results and implications will apply at least as an approximation.
There is often confusion about the interpretation o f heritability and the possible 
effects o f environmental change. With a fixed relation o f risk to liability, heritability 
here is concerned with the genetic variation in liability about the current mean and 
tells little about shifts in the mean value due to “ environmental”  changes. Falconer 
(1965) has suggested that the only guidance it can give is that when the heritability is 
high it shows that current variable environmental factors, including nutrition and 
forms o f preventive treatment, have little effect on liability so that it may be wise to 
look for new and novel factors to change the mean liability and hence the frequency 
or severity o f the disease. A  criticism o f the interpretation o f heritability is made by 
Kidd and Cavalli-Sforza (1973). They showed that the choice o f the underlying 
genetic model has an important effect on the conclusion about the “ proportion o f the 
variation in liability due to genetic factors” . B y fitting a single-locus, two-allele model 
to data on schizophrenia they found that only 10 - 15  per cent o f the variation in 
liability was due to differences in mean liability between genotypes. This compared 
with estimates o f 80 per cent or higher for the heritability o f  liability using the multi­
factorial model on the same data, suggesting a much greater importance o f genetic 
effects. However, K idd and Cavalli-Sforza’s model is biologically unlikely since it 
allows only environmental factors and no genetic factors to modify the expression o f 
the major locus. Moreover, since the genetic values o f their genotypes differed sub­
stantially, their result is not due to the absence o f  important genetic effects, but rather 
to the low frequency o f the deleterious allele and o f the abnormal homozygote com­
pared with the other genotypes. The operational usefulness o f components o f variance 
or of heritability, which is a ratio o f variance components, calculated on the scale o f 
incidence is far from clear. The practical relevance o f heritability depends on its use
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as a regression or correlation coefficient in predicting the consequences o f selection 
applied to a population. This in turn depends on the characteristic concerned being 
a continuous Norm ally distributed variable.
The multifactorial model has been used so far largely to summarize data and its 
possible use in splitting a disease into various clinical sub-groups with different 
aetiologies (see Section 5.4) has not been fully exploited.
In many respects the multifactorial model is a simplistic and “ lumping”  approach 
and Nature is likely to be much more complex and heterogeneous. With intensifying 
biochemical, serological and clinical research, separate entities in familial disease are 
continually being identified and isolated. F o r example, in coronary heart disease 
identification o f various lipo-protein fractions allow new approaches to study the 
inherited and environmental factors associated with the disease. Thus the role of the 
multifactorial model in familial disease may be as a temporary tool useful during a 
period o f ignorance for estimating risks and for providing indicators about the 
relations between different diseases and the relation o f diseases with measurable 
continuous characters. M ajor breakthroughs must come from more fundamental 
research. What are the familialy correlated elements o f  liability and what are the 
familialy independent components that determine the incidence or non-incidence of 
disease at a given level o f liability? These will be the important questions in the 
future.
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D is c u s s io n  o f  t h e  P a p e r  b y  P r o f e s s o r  C u r n o w  a n d  D r  S m it h
D r  C . O . C a r t e r  ( M .R .C .  C l in ic a l  G e n e t ic s  U n i t ) : I  a m  v e ry  h a p p y  t o  p r o p o s e  a  vote 
o f  th a n k s  t o  P ro fe s s o r  C u r n o w  a n d  D r  S m ith . M y  b a c k g r o u n d  t o  th is  is  a lm o s t  entirely  
n o n - m a th e m a t ic a l ,  b u t  I  h a v e  b e e n  c o l le c t in g  fa m ily  d a t a  f o r  y e a r s  o n  c o m m o n  co ngen ita l 
m a lfo rm a tio n s  a n d  o th e r  r e a s o n a b ly  c o m m o n  c o n d i t io n s  w h ic h  c le a r ly  h a v e  s o m e  degree 
o f  g e n e tic  d e te rm in a t io n .  T h e s e  c u r io u s  f e a tu re s ,  w h ic h  th e  a u th o r s  h a v e  described, 
w e re  e a r ly  a p p a r e n t :  f irs t , th e  f a c t  t h a t  c o n s is te n t  f a m ily  p a t t e r n s  w e re  o b ta in e d  w h ic h  were
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different from those from straightforward Mendelian inheritance; secondly, that the 
relatives of the less commonly affected sex were more often affected than those of the 
more commonly affected sex; thirdly, the cumulative effect, in that if two individuals in a 
family were affected already there was a higher recurrence risk than when one member 
only was affected; fourthly, the effect of the severity of the malformation on the recurrence 
risk—and so on.
Early on, in the 1960s, thinking about these points in relation to pyloric stenosis and 
cleft lip, I proposed a multifactorial aetiology with the genetic component being polygenic. 
But I do not have the mathematical ability to work this out properly. In 1960 John 
Edwards had already made a major contribution, which I had not read at the time or I 
would have received some help from it.
I was delighted when the agricultural geneticists, who were much more familiar with 
this kind of subject than we were in relatively simple medical genetics, moved into the 
field. Professor Falconer’s first paper was a revelation to me, explaining and quantifying 
many of the observations I  had made. It gives me great pleasure to see this being developed 
further.
I think some difficulties remain—again, I was pleased to see the discussion of twin 
concordance in tonight’s paper. I felt instinctively that a high twin concordance was not 
needed on any threshold model because the pairs could be nicely balanced on either side 
of the threshold, but it was interesting to see it quantified. However, it is still something 
of a problem, particularly with congenital malformation, because not only do monozygotic 
twins have the same genotype, but they prim a facie  grow up in precisely the same intra­
uterine environment—yet there is still only 20-30 per cent concordance for many of these 
common malformations. It might be expected to be higher because of the common 
environment.
For genetic counselling, clearly we look with interest at the predictions based on 
developments of the multifactorial model. Again, I think we must be a little cautious here 
because, as Professor Cumow and Dr Smith said, these conditions may be heterogeneous 
and nearly always there is a relatively rare component of single gene conditions mixed up 
with the multifactorial which cannot always be distinguished. We are able increasingly 
to distinguish them; for example, there is a type of cleft lip and cleft palate which 
behaves as the simple dominant condition, which can be picked out because there are 
mucous pits in the lower lip. When we see the kind of family in which the father has had 
cleft lip, also two of his children and, later, one of these children has had an affected child, 
even though there is no mucous pit present we have to ask ourselves whether we are dealing 
with yet another single gene condition, one which cannot be distinguished. We would 
tend to give a higher risk to a relative than that calculated from the polygenic, multifactorial 
model.
It seems to me that tonight’s authors may not have brought out sufficiently the value of 
the second- and third-degree relatives in distinguishing between the multifactorial and the 
modified single gene inheritance. It is in the second- and third-degree relatives that the 
heritabilities of over 100 per cent begin to appear if the polygenic model is applied to a 
modified single gene condition. For some conditions—not all—we have good data on 
second- and third-degree relatives; for example, cleft lip.
Overall, however, looking at these mathematical developments from the sidelines I 
have found the last 12  or 13 years extremely stimulating and enjoyable. I should like to 
thank our two contributors tonight for giving such an excellent review of the developments 
over this period of time and have great pleasure in proposing the vote of thanks.
Professor J. H. E d w a r d s  (The United Birmingham Hospitals): It is with some hesi­
tation that I accepted this challenge. I am a consumer, rather than a producer, and, since 
I am involved in advising patients with familial disorders, I would welcome any numerical 
aid which would lighten my burdens and clarify theirs. I feel in the position of having to
7
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decide whether we are dealing with something which, to take two broad categories in a 
similar situation, may be chess or warfare. Are we dealing with a highly formalized situ­
ation, which has to be accepted and discussed for its elegance and intellectual stimulation 
or with something crude and practical ? Not being able to follow some of the deeper incur­
sions into the infinitesimal calculus, I find myself in the position o f an experienced general 
and amateur chess player who is asked to comment on a game between experts.
I should like to take the empirical view, which seems to be a tradition of this Society 
and ask the question whether this approach bears fruit or flowers. To my mind, thè 
authors have given us an elegant procedure which bears flowers, but I do not feel that it 
bears fruit. As chess is regarded as a more intellectual activity than warfare, and flowers 
more elegant than fruit, this need be no criticism.
There are three points on the “ fruit”  which I shall discuss.
First, I do not regard it as a matter of fact that there is an increasing proportion of 
familial disease. This has always struck me as a surprising statement because the diseases 
of the past, which were mainly of infectivity and of unhealthy and hostile environments, 
are intensely familial. The Brontës coughed all over each other: Edward Gibbon’s six 
succeeding brothers—all, for good measure, called Edward Gibbon—  died in infancy. 
The diseases are becoming mellower now, and they are probably becoming less familial.
I  think that the concept of familial disease is a confusing one because it is difficult to 
imagine a non-familial disease. We are all exposed to the conditions to which the flesh is 
heir, and there are, by definition, no disorders in man— or likely to be—to which the 
flesh is not heir. I cannot conceive of a disease irrelevant to the genetic background.
Secondly, the question of models. There is the implication that some statisticians 
consider that biologists are wandering about trying to fit models to things. In fact, in the 
days of the ultracentrifuge, the electron microscope, and the genetic code, the time for 
this is past, just as it is past in such subjects as geography, mechanics and the planetary 
system. We have a basic model, and the residual problems are of estimation and not of 
decision. We are not really in the position of a blind man wandering about looking for 
shoes, who goes into a hat shop and finds they do not fit, and then into a glove shop with 
the same result, and eventually goes into a shoe shop and feels that he has arrived. We 
are in the position of somebody who goes straight to a shoe shop, and then has problems 
of exact fit. There is no problem of genetic models : we have a complete Lego set provided 
for us by the molecular biologists, which leads to the expected consequences. We have 
one set of Lego only—there are no alternative models; all these so-called models grade 
into each other and provide only estimation problems.
One way in which we can try to plot this is rather simple (Fig. 1). I f  we have a large 
number of loci, we can take the effect of any allele at any locus, as a „  and frequency at 
that locus as p t. This can be summed over each locus, and also over all loci. The loci
100%
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are very large in number, running to hundreds of thousands—there is room for millions. 
The alleles are more limited in number, so that, at most loci, any pair chosen at random 
are likely to be identical.
Given that this is our only endowment, we have to ask ourselves what is the strongest 
allele (which a{ is the greatest—where at is the z'th allele), which is the most influential 
allele at one locus (which a{p i is greatest) and which is the most influential locus, at which 
is the sum of a?p£ greatest. These are all slightly different, but are questions which need 
to be asked.
The specification of “ amount”  is difficult. One solution which is simple, although it 
has not been very productive, is to use contributions to variance. Once this specification 
is made we can plot the proportion due to the strongest or the most influential allele and 
also to the most important locus, both going from zero to 100 per cent.
If we take a disease which is inevitably the consequence of some specific allele, for 
instance, sickle-cell disease or Tay-Sachs disease, then it is represented by a point at the 
apex of the triangle as shown.
There are some diseases in which there are many alleles at one locus which considerably 
influence the incidence; for instance, coeliac disease and myasthenia gravis, which are 
greatly influenced by alleles at, or near, the HL-A loci. There are many alleles and the 
strongest must be somewhere near the point shown. All the diseases to which the flesh is 
heir must lie within this triangle; all of them must have a strongest allele, and a strongest 
locus. It seems that we have an estimation problem at this level, not a decisional one. 
The problem is to find where they are.
This makes a difficult and very interesting estimation problem—and estimation appears 
to be what is needed in advanced sciences, in which there are few remaining yes-no ques­
tions. Genetic linkage is a scientific activity in which significance tests can be justified, but 
there are now few fields of biology in which a significance test can be done without admitting 
a degree o f ignorance which is inappropriate.
The third point at issue is how to give an opinion to somebody who is asking for 
advice about a recurrence risk. There are various genetic correlations, or relationships; 
there is the sib/sib, and the parent/child genetic correlation which is of 0-5, and the cousin/ 
cousin relationship of 0-125. In an ideal situation of complete genetic determination, the 
phenotypic correlation will be equal to the genetic correlation. People are worried about 
the risks of disease, first, because they have seen the diseases from which their relatives 
have suffered, they know it is unpleasant and think of it as the disease about which they 
have to worry. Secondly, because they know that diseases tend to run in families. At 
least, most people seem to know this.
There are some extremely good data for this purpose, much of it collected by Dr Cedric 
Carter. Given a defined relationship to a victim of some disease, the risk of affliction 
necessarily is monotonic with the degree of resemblance defined by this relationship. We 
have this sequence of risk, which is never 100 per cent, although it may be 50 per cent or 
so in an identical twin. I f  we take the logarithm of this incidence, this is linear against 
the phenotypic correlation on the exponential or logistic model (Edwards, 1968) (Fig. 2). 
So we can plot a line through a series of points connecting the extremes of unrelated 
individuals (the population incidence) and the incidence in identical twins. It does not 
have much meaning, and it is difficult to conceive a relationship which would give a 
genetic correlation in the intervening levels, but a regression line can be plotted. The 
practical point is, given the data points and the line, on which is the advice to be based. 
I think that the advice should always be given on the data, not on the regression line, so 
I do not find this concept of regression of practical utility. Fortunately, the level is so low 
that it does not usually cause problems. But this is a situation in which one has to work 
on the raw data, and there is no way in which those raw data can be “ cooked”  and made 
more useful by taking, not a datum, but the intercept of the regression at that point.
A further point in relation to using the term “ heritability”  in this context is that it is an 
emotive word because it sounds rather like heredity and it is easy to obtain the impression
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th a t they are sim ply connected. O f course, they  are  connected if  one is experienced at 
adding together the variances but, in the m undane w orld in w hich distinguished observers 
such as Jensen require an  arm ed guard— partly  because they  them selves fail to  appreciate 
the form al irrelevance of heritability  values to  opportun ities fo r environm ental benefit—it 
m ust be accepted as easily m isunderstood.
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The anim al geneticists use the param eters environm ent squared  (e2) and  genetic contri­
bution  squared (g2), and  define the heritability  (A2) w hich is the p ro p o rtio n  the genetic 
contribution  bears to  the sum  o f bo th . This is useful in predicting  the degree o f response 
to  breeding. In  m an it is ra th er m ore confusing, a lthough  th e  a lphabe t is very helpful. 
There is a  param eter, w hich m ight be called “ dom esticity” , d2, w hich is th e  non-genetic 
fam ilial environm ent. T here is g 2, the genetic com ponent. These tw o added  together give 
the fam iliarity o r / 2. T here is also the non-fam ilial environm ent e2: th a t is, the  environ­
m ent in  the classical sense. W e therefore  have a  large num ber o f  param eters and, in 
practice, usually ju s t tw o degrees o f freedom . (The bu lk  o f  the in fo rm ation  in  a  pedigree 
can be sum m arized by the three possible types o f unordered  sib-pair.) W hat can be esti­
m ated in m an  is n o t heritability , bu t fam iliarity . T his has a  num ber o f  advantages as a 
concept because, even if  100 per cent, it does n o t im ply  any lim itations o n  environmental 
response.
H aving said th a t I  did n o t feel th a t the fru it was actually  fru itfu l, I  m ight go on to an 
aspect w hich I find m ore exciting and  interesting, perhaps because I  am  less able to  under­
stand  i t : th a t is, to  the flowers. W e have to  try  to  provide som e sim ple w ay o f handling 
these very com plicated functions, and  the G aussian  curve itself is quite complicated. 
Indeed no  tw o statistical books seem to  give exactly the sam e m ethod  o f  handling it, in 
part, because it is w ritten  in a  peculiar form . I t  can  be w ritten
l/^(27rex!).
This m akes it a  little easier to  understand  bu t, even so, it is com plicated  and  the usual 
m ethod of in tegration  is confusing, requiring  acts o f fa ith  even in  advanced textbooks. 
Obviously, if there are tw o variates it is even m ore com plicated and , in  the general case, 
has no algebraic solution. I t  is surprising  th a t this p rob lem  has becom e such an unfashion­
able pursuit because, in 1897, Sheppard  m ade the in teresting  observation— which he 
proved— th a t in  the sym m etrical case
r =  cos{al(a + b)}7T.
This is ra ther rem arkable  as it  m ight be th o u g h t th a t it  w ould never equal one; this is no 
problem  because in  the fam ilial case it is never zero as it  becom es increasingly elliptical.
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This leads to  the approx im ation  z  =  ( 7 1 / 8 )  log6 (ad/bc) f  w hich is em pirically very robust, 
rather surprisingly, and  it does n o t seem to  m atter m uch where the thresholds are (Edw ards, 
1957, 1969). T his is an  im portan t po in t because the effect o f the environm ent is to  move 
the thresholds a round . T hus, in the case of this identity, it w ould seem to  m e th a t herita- 
bility is form ally irrelevant to  th e  possibilities o f environm entally  im proving a  disease—  
tuberculosis is now  so ra re  th a t its infection is difficult to  acquire, a lthough  K arl P earson 
thought th a t im m igration  should  be suppressed because this highly heritable disease w ould 
become ram p an t due to  th e  genetic con tribu tion  o f the various groups o f im m igrants w ho 
were com ing in to  the coun try  a t th a t tim e. T here are excellent reasons fo r stopping  the 
immigration o f  people  w ith  tuberculosis, bu t “heritability”  is hard ly  relevant.
In 1904 K arl Perason , w ith his rem arkable  ap titude fo r integrals, solved the  bivariate 
problem w ith  the te trachoric  coefficients, and  explored and  tabu la ted  this m odel w hich 
Professor C urnow  kind ly  a ttrib u ted  to  me— b u t this was in  1904, 65 years earlier. H e and  
Everitt tabu la ted  this (Everitt, 1910), and  their infinitesimal integrations were confirm ed by 
Dr Smith’s elec tronic enum erations. I t  m ight seem like fishing w ith a w orm  to  check on 
Karl Pearson’s a lgebra w ith  a  com puter, b u t those o f us w ho w ant fish are  very g lad th a t 
this has been done.
Finally, there  is th e  difficult problem , the three-dim ensional system  in w hich there are 
parents and  a child, the four-dim ensional system when there are tw o children. This 
defeated K arl Pearson  and  em pirical studies are im practical on a com puter because, if 
sufficient slices are  taken , there  is insufficient tim e and  space. I t  now  seems to  have been 
solved com pletely, in  special cases, a lthough  I  am  afraid  th a t I  cannot follow  Professor 
Curnow fully on  his algebra. This rem arkable achievem ent seems to  give results w hich are 
consistent w ith  observations. T he only disturbing feature is th a t som e o f the lines in their 
figure cross.
I should like to  th an k  th e  au thors very m uch fo r their “ flowers” ; to  be distinguished fo r 
both flowers and  fru its is too  m uch  fo r m ost plants, and  is hard ly  to  be expected in the 
field of m athem atics. I  hope th a t in the published edition  o f this paper Professor C urnow  
will give a little m ore space to  his integral, since it is elegant and  brief, and  is p a rt o f the 
solution to  th is extrem ely difficult p roblem  o f  the generalization o f the m ultivariate norm al 
hypersurface.
It is a  p leasure to  second a  vote o f  thanks fo r a  paper w hich so concisely describes 
what w ould be expected on plausible assum ptions, and  w hich has, in pa rt, been confirm ed 
by the em pirical studies o f in tegration  over finite intervals.
The vote o f  thanks was passed by  acclam ation.
M r G . J. A . S t e r n  (L ondon N .6 .): I  w ould hesitate to  com m ent on this paper, had  
the authors n o t b rough t in  som e non-statistical considerations w hich affect us all. I  m ean 
that they appear to  advocate selective abortion  fo r cases where there is an  appreciable 
risk o f the child  being born  w ith a partly  hereditary  disease o r m alform ation. W e are 
talking ab o u t ending a  life on the grounds o f  a  possible disability, and  we need to  see 
with w hat degree o f  certain ty  such disability can be predicted.
The recent controversy  popularly  associated w ith the nam es o f  Jensen and  Eysenck on 
inheritance o f I.Q . level shows th a t there is by no  m eans universal agreem ent either on 
the degree o f heritab ility  o f som e qualities o r on the m odels and  m ethods used to  establish 
that degree. T o th e  outsider, it looked as if  convincing argum ents could be m ade on  b o th  
sides, a t least as fa r as the racial aspects were concerned: w ould this be the case here  if 
similar political passions were aroused ?
The au tho rs  give correlation  in  liability for som e abnorm alities and  defects, b u t these 
correlations are  usually  low ; often  only 0-3-0-5. Some o f the higher levels quoted  relate
f  Where the symbols a, b, c, d, refer to the volumes of a doubly dichotomized bivariate 
distribution.
to  twins, which, while very relevant to  the theory , have no  d irect applicability  to  genetic 
counselling, fo r one cannot selectively ab o rt one tw in because the o ther has a defect. The 
authors adm it th a t they canno t verify w hich o f several m odels they use is the m ost appro­
priate, and  inside the m odels they detail quite far-reaching assum ptions as to  distributions 
etc. They place w eight on several studies m ade on  th e  heritab ility  o f  schizophrenia. Yet 
schizophrenia is difficult to  diagnose w ith certainty, and  one can im agine tha t in many 
cases know ledge o f the fact th a t the paren t was schizophrenic m ay have affected the 
diagnosis. In  short, it seems th a t in  m ost cases all th a t can  be said  is th a t there is an 
appreciable p robability  o f the child being b o m  w ith  a  disability, b u t th a t the odds in 
favour o f a  healthy child are still far better th an  even. Is there  n o t som ething repulsive and 
all too  rem iniscent o f N azi ideology and  practice in  ab o rtio n  on such grounds ? W hat will 
surviving children feel ab o u t paren ts w ho w ould have had  them  ab o rted  on suspicion in 
this way ?
It seems to  me th a t such studies are  valuable (no t th a t m y praise o r blam e is of con­
sequence), bu t th a t there is danger o f forgetting  the hum an  dim ension. The seriousness 
o f the condition  is h a rd  to  predict, as is the degree to  w hich the person, o r advances in 
medical science, can  overcom e it. Let us recall the case o f C hristy  B row n, the celebrated 
Irish  novelist. I  daresay th a t n o t one case in 100 o f those cited by th e  au thors was as 
hopeless as C hristy B row n’s— paralyzed except fo r one foo t, an d  unable  to  ta lk  compre­
hensibly, so th a t he was long though t to  be m entally  re tarded . Y et he  is now a best­
selling novelist (operating  an  electric typew riter w ith  h is foo t) and  has go t m arried. He is 
fo rtunate  in having escaped the genetic counsellors, and  society is fo rtu n a te  th a t he did so.
I t  is also true th a t quite ap a rt from  m edical advances, the hu m an  being can  often over­
come m any serious conditions so th a t hard ly  any trace  rem ains. Y et all these possibilities 
for im provem ent, a t least as significant and  beneficial as the M oon  expeditions, will be 
literally aborted  if current policies continue. Let us find ou t ab o u t heritab ility  o f disease, 
certainly, bu t let us n o t use this know ledge fo r the easy w ay ou t o f  final solutions which 
im poverish the hum an  race and  strangle advances in healing and  care.
The following contribu tions were received in w riting, a fter the m eeting:
D r O. M a y o  (W aite A gricultural R esearch  Institu te , U niversity  o f Adelaide): In 
Section 6, discussion o f cystic fibrosis as a  possible selectively balanced polymorphism 
does no t take account o f (a) the fact th a t the 2 per cent advantage requ ired  to  m aintain the 
disease a t its current frequency is fa r less th an  the presum ptive advantage conferred by the 
observed differences betw een genotypes in  fertility  (w hich were claim ed to  be the source 
o f the heterozygous advantage), (b) the possible effects o f  p o p u la tion  size on the fre­
quencies o f such tra its (R obertson, 1962) and  (c) the p robab ility  th a t there is genetical 
heterogeneity in  this disease (e.g. Polley and  B earn, 1974). I t  is still fair to  say that the 
polym orphism s associated w ith m alaria  rem ain  the only ones w here convincing evidence 
o f balanced polym orphism  exists.
The discussion o f the associations betw een polym orphism  and  disease, while directed 
tow ards discrim ination between different m odes o f inheritance (Section 7), does not do 
full justice to  the vast body o f da ta  on such associations. T h a t betw een H L -A  and  ankylos­
ing spondylitis is only the m ost recent and  dram atic, allowing, as it  apparen tly  does, the 
reclassification o f this disease as u n ifac to ria l; it m ay well be th a t sim ilar conclusions could 
be draw n for m any others if the genetical reso lu tion  were as fine as is possible for the 
H L-A  system. In  addition , the use o f in fo rm ation  from  associated o r linked loci for the 
resolution of genetical heterogeneity and  prediction  o f liability should  n o t be discounted; 
as is im plied in  Section 5.4, this can readily  be incorpora ted  in to  th e  general framework 
used by the authors, yet they m ention  specifically only the  new er technique o f using 
inform ation from  associated continuous tra its  (Section 5.5). W hile the m agnitudes of the 
risks to  persons of different genotypes are  rarely  as d isparate  as in  the H L-A-ankylosing 
spondylitis case, the differences are n o t everyw here negligible.
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Professor T . R e i c h  (W ashington U niversity): The excellent description o f m ulti­
factorial m odels p resented  in  this paper suggests a num ber o f com m ents concerning the 
analysis o f fam ily da ta  fo r psychiatric disorders. In  general, the  m ultifactorial m odels are 
suitable for th e  analysis o f  these data , since at the outset they do n o t require  the assum p­
tion that environm ental effects com m on to  relatives are absent. Fu rtherm ore , the num ber 
of parameters required  to  define the m odels is sm all when com pared w ith o ther theoretical 
modes o f disease transm ission , allow ing m any hypotheses to  be tested w hich m ay o ther­
wise be approached  only w ith  difficulty.
Diagnostic validity
The first prob lem  w hich m ust be faced in  studying psychiatric disorders is the problem  
of diagnostic classification. F o r  all o f the m ajo r functional psychiatric disorders, several 
systems o f  classification are  in  use. O ften heterogeneous entities are grouped as a  con­
sequence o f ou tm oded  theories ab o u t their aetiology. Usually, severe o r definite cases are 
universally recognized, b u t there  is p o o r agreem ent abou t m ild o r border-line cases. F o r 
example, schizophrenia is defined in E urope as a severe d isorder w ith m any persistent 
psychotic sym ptom s, and  the popu la tion  prevalence is approxim ately 0-85 per cent (Slater 
and Cowie, 1971). T he m ost p o p u la r A m erican criteria  fo r schizophrenia include these 
severe cases, b u t also include m ild cases whose illness m ay n o t be pro trac ted . The 
prevalence o f  th is w ider fo rm  o f “ schizophrenia” is approxim ately 4 per cent (K ety e t al., 
1973). U sing com puta tional techniques analogous to  those described in  Section 5.4 o f 
this paper, it can  be determ ined w hether the tw o types o f schizophrenia are draw n from  
the same liability  d is tribu tion , o r w hether they represent tw o independent entities. The 
observation th a t these tw o entities can  be represented along the sam e phenotypic dim en­
sion would validate  an expanded concept o f the disorder and  provide add itional classes of 
information fo r analysis.
Mild o r subclinical analogues o f m ajor psychiatric illness, such as alcoholism , m anic- 
depressive illness and  anxiety neurosis have also been defined, and  by repeated  application 
of the anlytic techniques described in  this article, an  increasing p ropo rtion  o f the popu la­
tion can be defined w ith  respect to  the liability to  develop these disorders. In  this way, 
new thresholds in th e  liability d istribu tion  can be specified and recurrence risks can be 
improved, b o th  w ith  respect to  the  probability  o f being affected and  the k ind  o f disorder 
which m ay occur.
Since genetic com ponents are n o t required, determ ination  o f the relationship  between 
varieties o f a  d isorder m ay proceed using fam ily da ta  where com m on environm ental 
effects are p resent. A ssum ptions abou t the relationship  between the correlations for 
different classes o f  relatives are  n o t required  (i.e. a  separate correlation  m ay be estim ated 
for parents, siblings and  half-siblings) and  sources o f e rro r due to  nongenetic fam ilial 
effects, assortative m ating  and  selection are m inim ized.
Environmental heterogeneity
The m ultifactorial m odels described here m ay n o t only be used to  resolve questions of 
genetic heterogeneity, b u t also to  investigate the effects o f environm ental heterogeneity. 
Using an  app roach  suggested by Falconer (1952), the concept o f a  tra it is b roadened 
to include the  environm ent in w hich it occurs. I f  a  population  o f affected individuals is 
divided in to  tw o o r m ore  groups, the estim ation o f correlations, and  cross-correlations 
between relatives fo r these “ tra its” m ay greatly im prove our understanding o f environ­
mental effects on  the incidence o f a  d isorder and  on its transm issibility from  paren t to 
offspring. I t  is possible th a t o u r understanding  o f w hat constitutes a  “ relevant environ­
ment” m ay be altered  and  program m es fo r the prevention o f these disorders m ay be 
improved. I t  m ust be rem em bered th a t m ultifactorial m odels take  the popu la tion  p re­
valence in to  account, so th a t the effect o f environm ent on the transm issibility o f a  disorder 
can be directly assessed.
A lcoholism  is approxim ately fo u r tim es as com m on in m en as in  w om en. Reich et al. 
(1975) used a  m ultifactorial m odel to  investigate the phenotyp ic  differences between alco­
holism  in m ale and  fem ale populations and  w ere able to  conclude th a t nonfam ilial environ­
m ental factors could entirely explain the sex-effect. By con trast, C loninger e t al. (1975) 
investigated antisocial personality  in m ales and  fem ales and  were able to  show  that the 
large sex-effect could be represented by tw o thresholds in the sam e liability  distribution. 
These la tte r findings supported  the view th a t nonfam ilial environm ental sources of 
variation were equal in  the tw o sexes.
The additivity assumption
A ssum ptions o f additivity  m ade w hen estim ating genetic com ponents have been a 
persistent source o f acrim onious debate  in  behaviour genetics. In  th e  present context, 
correlations and  cross-correlations betw een relatives can  be estim ated  from  different 
points on the liability  d is tribu tion  and  the additiv ity  assum ption  used in  defining the 
liability can be tested. The detection o f in teractions depends on  the num ber o f available 
thresholds and  on the distance betw een them . Even th ough  the  assum ption  o f additivity 
is robust, m ajor in teractions m ay be detectable w ith  a  large sam ple. H eterogeneity based 
on severity, sex-effect and  polym orphic  sym ptom ology provides n a tu ra l phenotypic 
distinctions between affected individuals and  m ay offer opportun ities fo r detecting non­
additive interactions. In  addition , independently  tran sm itted  subvarieties o f a  disorder 
m ay be detected and  rem oved from  th e  d a ta  set, resulting  in a  m ore hom ogeneous residual. 
This approach  m ay be contrasted  w ith the  use o f carefully norm alized  scales fo r measuring 
behavioural tra its w here non-additive in teractions m ay be concealed w hen the trait is 
norm alized.
It is m y opinion th a t th e  first step in  understand ing  th e  genetics o f  a  psychiatric dis­
order is a m ethodologically sound  analysis o f the correlations betw een relatives when 
com m on environm ental effects are present. These analyses can be helpful in  defining the 
entity to  be studied, in  recognizing independent varieties o f th e  d isorder, and  in broadening 
the concept o f a tra it, so th a t a larger popu la tion  o f  affected individuals can  be studied. 
The m ultifactorial m odels o f disease inheritance can  be m ost useful in  these investigations.
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Professor I. I. G o t t e s m a n  (U niversity o f M inneso ta): As a  fairly  satisfied user- 
consum er o f the m ultifactorial m odels so neatly  and  com prehensively reviewed by 
Professor C urnow  and  D r Sm ith, I  w ould hope th a t their efforts w ould reach  a  deservedly 
large audience, larger th an  the R oyal S tatistical Society. I  say th is because the appli­
cability o f  their m ethods goes beyond the 4£  per 1,000 congenital m alform ations and the 
20 per 1,000 infants bo rn  w ith  significant physical m alform ations to  m any form s of mental 
re tardation  (4 and 20 per 1,000 respectively fo r severe and  m ild re ta rd a tio n  (Roberts, 
1973) and  to  m any conditions w ith la te r ages o f onset such as ulcer, diabetes, hypertension 
and  concom itants o f ageing itself (e.g. senility and  varia tion  in  the age a t death from 
so-called n a tu ra l causes). I  suggest supplem enting the ir excellent list o f references with a 
few items to  em phasize these po in ts as well as th e  agricu ltu ral origins in plant and 
anim al breeding o f the m ultifactorial m odels: L erner (1958), Jinks and  F u lker (1970), 
M ather and  Jinks (1971) and  F raser R oberts (1973).
I find the given definitions o f  polygenic and  m ultifactorial diseases (Section 1) per­
petuating an unintended am biguity  th a t has h aun ted  us since the argum ents between the 
M endelians and  the biom etricians a t the beginning o f  the cen tury ; the definitions are not 
m utually exclusive. N ow adays everyone recognizes th a t genes have p leio tropic effects, 
th a t the phenotype o f in terest can  be m odified by environm ental factors, and  that the 
phenotype o f interest can  be m odified by the genetic background  o f  th e  gene or genes 
of interest. The definitional p roblem  stem s in  p a r t from  the  gap betw een population 
genetics and clinicians, on the one hand , an d  physiological genetics, on  the other.
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Griineberg (1952) po in ted  ou t th a t “ the m ultiple genes o f  quantita tive genetics are in  fact 
nothing bu t genes w hose rem ote effects only are being studied”  (p. 110). I t  is necessary to 
avoid confusion by no ting  th a t som e phenotypic tra its in  m an are associated w ith m ajor 
monolocus effects, genetic background  effects, and poly-environm ental effects while others 
are associated w ith  poly-locus (polygenic), genetic background, and  poly-environm ental 
effects; the term  “ m ultifac to ria l” does no t help us distinguish between these tw o classes as 
acknowledged a t the end  o f Section 2. The distinction th a t can  be m ade by the locutions 
above is b lurred  a t the level o f gene action  as well as by the recognition th a t som e genes 
in a polygenic system  m ay have m uch larger effects than  o thers (cf. W right, 1934; Thoday, 
1967; G ottesm an and  Shields, 1972). I f  I have added to  the confusion, I  apologize.
I have reserved m y m ain  com m ents fo r uses m ade by C urnow  and  Sm ith o f da ta  from  
the study o f  schizophrenia in  the biological and adoptive families o f schizophrenic p ro ­
bands. I  w ould  have expected them  to  use da ta  on diabetes m ellitus given the greater 
experience w ith  this disease and  the m ore reliable diagnoses th a t provided the da ta  (e.g. 
Falconer, 1967; Sim pson, 1969; Sm ith et al., 1972). Shortly after F alconer’s sem inal 1965 
paper on the inheritance o f  liability to  th reshold  diseases was published, Jam es Shields of 
the Institute o f Psychiatry, M audsley H ospital, and  I recognized the p robable  usefulness 
of the approach  to  the analysis o f  d a ta  we had  been collecting on schizophrenic M Z  and  
DZ twins, their co-tw ins and  their o ther relatives. W e were able to  visit F alconer in the 
summer of 1966 and  have w orth-w hile discussions th a t led to  our in troducing his liability 
model to  the  behavioural sciences (G ottesm an and  Shields, 1967, 1968). U nresolved 
questions we raised  were la te r solved by Falconer (1967) and Sm ith (1970). F u rther 
advances by Sm ith  (1971a) perm itted  us to  com pare the predictions o f  a  polygenic theory  
of schizophrenia w ith those o f  S later’s specific dom inant gene w ith incom plete penetrance 
theory and  w ith th e  app ro p ria te  pooled  em pirical observations from  the system atically 
conducted studies in th e  literature  (G ottesm an and  Shields, 1972). The popu la tion  pre­
valence and  the heritab ility  o f  liability value we used to  generate the polygenic predictions 
were dictated by an o th e r analysis we perform ed in an effort to  find a convergence po in t 
from various d a ta  sets th a t were m ore extensive th an  those appearing  in C urnow  and  Sm ith’s 
Table 3 under ou r nam es. Fig. 3 shows the results we obtained fo r the heritability  o f the 
liability to  schizophrenia by the  triage o f six different popu la tion  prevalences fo r m ono­
zygotic and dizygotic tw ins, the sibs, the offspring of tw o schizophrenics and  the second- 
degree relatives. As a  consequence we chose a  value o f 1 per cent fo r the population  pre­
valence and  a  heritab ility  o f  liability o f 80 per cent, the nearest tabled  value in  Sm ith 
(1971a), to  generate predictions fo r the risks to  p robands’ sibs and  children as a  function  
of the num ber o f paren ts affected w ith schizophrenia. The results are show n in T able 1 
and confirm C urnow  and  Sm ith’s conclusions abou t the difficulty o f distinguishing between 
single locus and  m ultifactorial m odes o f inheritance fo r com m on disorders.
The points in Section 3 abou t the confounding effects o f com m on fam ilial environ­
ment are well taken  bu t are  n o t as well m ade as they m ight be. A n expanded discussion of 
the problems is given by Cavalli-Sforza and  Feldm an (1973) and  R ao  and  M orton  (1974). 
The data p resented  in T able 2 (Section 3) do m ake the po in t th a t schizophrenia occurs in 
the biological relatives o f adoptees who becam e schizophrenic and  a t m uch higher rates 
than in the adop ted  relatives w ho reared them . However, the m ajority  o f the biological 
relatives were half-sibs and  n o t first-degree relatives as labeled ; further, the p ropo rtion  o f 
relatives show n as affected w ith schizophrenia actually consists o f  definite plus uncertain 
diagnoses o f schizophrenia plus a hard-to-define category o f “ schizophrenia spectrum  
disorder” . T he problem s o f dealing w ith the la tter are form idable (cf. Shields et al., 1975) 
even w ith the aid o f  the suggestions from  R eich et al. (1972); cf. C loninger et al., 1975). 
In an update  o f  the d a ta  on adopted  D anish  schizophrenics (K ety et al., 1975) 173 bio­
logical relatives have been identified for the 33 p robands; o f the form er 66 are parents, 41 
are m aternal half-sibs, 63 are  paternal half-sibs and  3 are full sibs. The prevalences (w ith­
out age-correcting) o f definite and then definite plus uncertain  schizophrenia in the paternal 
half-sibs are  repo rted  and  perm it fu rther efforts a t fitting to  the tw o m odels in  our T able 1
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above. W e get an  em barrassm ent o f  “ riches” . T he prevalences in half-sibs o f 13 and 22 
per cent correspond to  1-6 and  3-0 per cent in con tro l half-sibs. U sing  Sm ith’s (1970) 
g raph the correlation  in  liability fo r half-sibs becom es 0-45 and  then  0-56; both  figures 
lead to  heritabilities near 200 per cent. I f  the d a ta  are  used to  calculate the penetrance of a 
posited dom inant gene (Slater and  Cowie, 1971) w ith  frequency 0-03, the  values are too 
h igh to  be credible. A t this po in t o f  m odel “ unfitting”  we can n o t tell w hether the data or 
the m odels are  “ em barrassed” .
F ig . 3. Smith-type heritabilities o f the liability to schizophrenia as a function of varying 
population risks, estimated from risks in different classes of probands’ relatives (from Gottesman 
and Shields, 1972).
T able 1
Schizophrenia risk as function o f  parent status 
(Source: G o ttesm an  and  Shields, 1972)
Risk  (%)
(a) To probands' sibs (b) To probands' children
No. of parents affected 0 1 1 2
Observed, pooled risks 9-7 17-2 13-9 46-3
Predicted, polygenic 6-5 18-5 8-3 40-9
Predicted, monogenic 9-4 13-5 8-8 37-1
C urnow  and Sm ith provide their ow n best caveats ab o u t the lim itations of multi­
factorial m odel fitting when they conclude, “ T hus the ro le o f the m ultifactorial model in 
fam ilial disease m ay be as a tem porary  too l useful du ring  a  period  o f  ignorance for
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estimating risks and  fo r p roviding indicators ab o u t the relations betw een different diseases 
and the relation  o f  diseases w ith  m easurable continuous characters. M ajor break throughs 
must come from  m ore fundam ental research.”  A nd earlier (Section 7), “ O f course, it will 
never be possible, w ithou t identifying the loci concerned, to  p rove th a t a  certain  genetic 
model applies.”  A lthough  it leads to  unsung heroism , the m ethods reviewed by C urnow  
and Smith perm it th e  d isp roof o f m odels o r a t the least their thoughtful revision after 
further d a ta  collection. The com patibility  between da ta  and  a particu lar m odel is a 
necessary bu t n o t sufficient condition  fo r the credibility o f the m odel. The heuristic value 
of sophisticated m ultifactoria l m odels fo r generating collaborative research  am ong 
clinicians, b iostatisticians and  m olecular/devel op m ental biologists m ust be acknow ledged 
and praised.
The au tho rs replied  in w riting as fo llow s:
We are grateful to  con tribu to rs to  the discussion fo r their interesting com m ents.
We agree w ith  D r C arte r th a t second- and  third-degree relatives could be very useful 
in discrim inating betw een different m odels o f inheritance and  have show n this em pirically 
elsewhere (V an R egerm orter and Sm ith, 1974). However, because o f the low er degrees of 
relationship, large num bers o f  such relatives will be required, fo r exam ple to  get heritability  
estimates w ith  low  stan d ard  errors, and  the inform ation  on these relatives is often  less 
reliable th an  on  first-degree relatives.
The value o f genetic linkage and  associations w ith genetic m arkers, stressed by D r M ayo, 
for discrim inating betw een sim ple and  com plex form s o f inheritance is doubtfu l, fo r these 
have no t been very p roductive in  the past, fo r a sum m ary see M ayo (1972). H ow ever, w ith 
the advent o f  several strong  H L -A  disease associations, the value of these m ethods m ay 
have to  be reconsidered, as we indicated.
Our in tentions, as applied statisticians in  m edical genetics, are to  m easure, understand  
and predict the occurrence and  recurrence o f these fam ilial diseases. W e wish to  provide 
clinicians and  fam ilies w ith  inform ation  ab o u t possible form s o f inheritance and  abou t 
risks, so th a t individuals can  m ake inform ed decisions abou t their fam ilies. There is 
neither com pulsion n o r advocacy, such as M r S tern suggests, in genetic counselling, bu t 
rather, as in o ther fields o f medicine, clinicians w orking to  im prove the health  and  welfare 
of their patients. T his is n o t to  deny the difficult m oral issues associated w ith abortion .
Our term inology “ fam ilial disease” fo r a  disease w hich “ ru n s” in  fam ilies does no t 
please Professor E dw ards bu t we like its generality. C om m on genes cannot be im plicated 
until com m on fam ilial environm ental effects have been discounted. Professor E dw ards 
states tha t heritability  (g 2) canno t be estim ated in m an, bu t only fam iliarity  ( / 2). The 
whole po in t o f including Section 3 in the paper was to  consider and  refute this argum ent 
and to  show th a t (g 2) can be estim ated free from  (d 2), the dom esticity com ponent. Thus, 
if Karl Pearson had  studied unrelated  persons (e.g. spouses) living together, o r relatives 
living apart, he w ould have found th a t non-genetic com m on fam ilial effects were very 
important in tuberculosis and  w ould have m oderated  his counsel accordingly. In  ano ther 
part of his rem arks Professor E dw ards suggests th a t because we know  the basic m odel of 
inheritance (D N A  and  the genetic code) there can be no  fu rther m odels to  test in genetics, 
and so only estim ation problem s rem ain. This w ould be a sorry state o f affairs fo r any 
science, and w ould sadden K arl Popper. However, w ith the organizational com plexity of 
the genome and  o f the phenotype deriving from  it, there are m any interesting m odels to  
test despite having only one form  o f building brick. E dw ards’ Fig. 1 and  his rem arks 
about H L -A  illustrate this po in t well. Coeliac disease w ith a  m ajor effect o f the H L-A  
locus now  falls in the  m iddle o f his diagram . W hat abou t diabetes, schizophrenia, the 
congenital abnorm alities and  all the o ther fam ilial diseases? D oes a locus w ith a  m ajor 
effect exist fo r these conditions ? This is a  hypothesis we m ay be able to  test, after defining 
a “major effect” . The outcom e o f the test m ay then determ ine how  to  allocate genetic 
research effort fo r these diseases. Sim ilarly we have indicated th a t tests fo r genetic identity
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in related diseases, such as early and late onset diabetes, or for genetic heterogeneity 
within a clinical condition, may be useful.
In saying that research with the multifactorial models has borne little fruit, Professor 
Edwards has ignored much of the material presented and discussed in the paper. The 
model gives an explanation, and an understanding, of many of the empirical findings 
which were otherwise difficult to reconcile, and Dr Carter spoke about this in his remarks. 
Indeed Professor Gottesman advocates greater scope and use of the model for the wide 
array of familial diseases in man. Our work with estimation of recurrence risks deals, not 
with the simple cases indicated in Fig. 2 in Professor Edwards’ remarks for which we have 
empiric risks, but with risks in families with a more complex family history for which 
there are no empiric risk estimates, and with continuous traits which may be associated 
with a disease. These should be useful in assessing risks of disease in relatives, so that 
preventive measures may be applied, and in genetic counselling about the risks to future 
children.
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¿nal muscular atrophy -  resolution of heterogeneity
A.E.H. EM ERY , A.M . DAVIE and C. SM ITH
University D epartm ent o f H um an Genetics, W estern General H ospital, Edinburgh, 
United Kingdom
¡spinal m uscular atrophies (SM A) may be defined as a group of familial disorders 
iracterised by degeneration of the an terio r horn cells o f the spinal cord and /o r bulbar 
jtornuclei but w ith no pyram idal tract o r peripheral nerve involvement. D ifferent form s 
SMA can be recognised according to  w hether the distribution of predom inant muscle 
ikness is proxim al, distal, bulbar, scapuloperoneal o r facioscapulohumeral. W ith the 
.eption of those form s o f SM A in which weakness is mainly proximal, these broad groups 
ibe further subdivided on the basis o f clinical and genetic criteria. In fact, it has been 
igested that some 18 o r so different forms of SMA (Table I) can be identified on the 
¡is of clinical m anifestations and mode o f inheritance (Emery, 1971, 1973). There is 
»debate, however, as to  w hether o r not on the basis o f these criteria heterogeneity 
i be resolved within the proxim al group of SMAs, particularly where onset is before 
jllhood.
ibe aim o f this paper is to  present some of the methods available which might be used 
resolve the problem  o f heterogeneity within this latter group of disorders. These m ethods 
¡illustrated with da ta  from  clinical and genetic studies reported in the m ore recent litera­
tes well as from  m aterial collected in this D epartm ent. A ltogether da ta  on 338 families 
Uaffected individuals) with proximal SMA in at least one member o f the family and 
tre onset was before adulthood, have been analysed. In all these families the diagnosis 
SMA had been firmly established on the basis o f muscle histology and/or electrom yo- 
rphy. Sources o f these da ta  are given in the Appendix. It has to be rem embered that 
®. is a weakness in all such studies because of the inevitable heterogeneity between 
tof data reflecting the differing interest o f clinicians in various forms and aspects of 
IA. For this reason the analysis o f these data  can only be considered exploratory.
METHODS FO R  RESO LV IN G  H ETERO G EN EITY
Mods which may be used to resolve heterogeneity in neurom uscular disorders are 
nmarised in Table II. F o r example, the dem onstration of a prim ary biochemical defect 
some patients but not in others would clearly delineate a specific form of SMA. Un- 
lunately a prim ary biochemical defect has not yet been dem onstrated in any of the SMAs. 
fets for allelism consist o f studying the offspring of parents who are both affected by a 
®ive trait and are clinically similar. If the parents are homozygous for genes a t different 
-1 then all their offspring will be norm al, but if they are homozygous for the same gene 
:]all their children will be affected. This approach has been used, for example, to  demon-
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■:li or rt 
11 trait 
;moglo
A. Proximal ^  |f t
I. Infantile
Autosomal recessive
1. Without arthrogryposis multiplex congenita
2. With arthrogryposis multiplex congenita
II. Intermediate i®110
? Autosomal recessive ill ofc
III. Juvenile n found
1. Autosomal recessive ¿fence
a. Usual form (Kugelberg-Welander) seofci
b. ‘Ryukyuan’ form liitkagt








3. X-linked recessive 8e
not ir
I. Autosomal recessive iSesf>




C. Juvenile progressive bulbar patsy
Autosomal recessive
I. Usual form (Fazio-Londe)











* See Emery (1971, 1973).
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TABLE II Methods available for resolving heterogeneity in neuromuscular disorders  ̂ ^
'lip of
A . Phenotypic (clinical) a f
1. Distribution of muscle weakness
2. Age at onset, age at death, etc.





1. Primary sst of
2. Secondary, e.g. SCK l[ent c
C. Genetic ¡her’)
1. Mode of inheritance « thii
2. Allelism ¡J recj
3. Linkage |„the
D. Abnormalities in heterozygotes Table
E. Disease association 1 Of
e.g., HL-A type Presi
_________________ _ _ — -—  anion
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■jie heterogeneity in cases of congenital blindness and profound childhood deafness, 
jernatively one may study the offspring o f a parent who is heterozygous for 2 dom inant 
jis. If the genes are allelic then individual offspring will inherit either tra it but never 
4 or neither. If, however, the genes are not allelic then individual offspring may inherit 
,4 traits, either tra it o r neither tra it. F or example, this has been reported in various 
■moglobinopathies. Presum ably because of the rarity  o f SMA such tests for ailelism 
not been reported. A possible explanation for the so-called interm ediate o r type II 
lffl of childhood SM A (Fried and Emery, 1971) might be tha t this represents a genetic 
miind of the type I (W erdnig-Hoffm ann) and type III (K ugelberg-W eiander) alleles, 
¿ice for the existence o f genetic com pounds has been presented, for example, in the 
? of certain chondrodystrophies (M cKusick et al., 1973).
linkage studies between inherited m arker tra its and different forms of SM A might 
i)indicate genetic heterogeneity. F o r example, if one form of SMA, but no t another, 
jefound to  be linked to  a particu lar m arker tra it this would indicate th a t these 2 forms 
SMA are fundam entally  different because they are due to  genes at different loci. So far 
ire have been no reports o f linkage studies involving any of the different forms of SMA. 
Ihe demonstration of abnorm alities in heterozygotes for one recessive form of SMA 
1 not in heterozygotes for ano ther w ould also indicate heterogeneity. Prelim inary studies 
;>est, for example, tha t E M G  abnorm alities in the quadriceps muscle are present in both 
tents of children with type I SM A (W erdnig-Hoffmann) but only in m others o f children 
:h type II SM A (Emery et al., 1973).
llie association o f different clinical forms of a disorder with different m arker traits may 
o help resolve heterogeneity. F o r example, 2 different forms o f m yasthenia gravis have 
«shown to  be associated with different HL-A types (Feltkam p et al., 1974). Search for 
sociations with HL-A types o r o ther m arker traits might therefore be a useful means of 
»nstrating heterogeneity in SM A, but no relevant studies have been reported. 
Investigations concerned with resolving heterogeneity in SMA have so far concentrated 
demonstrating phenotypic (clinical) and genetic differences. The fact that various 
¿ally distinct form s of SM A are inherited differently implies that they are due to genes 
different loci. M ost o f the present controversy concerning the problem of resolving 
srogeneity is w hether in those cases where onset is before adulthood, resolution can be 
ieved on clinical grounds.
CLASSIFICATION BASED ON M ODES O F IN H E R IT A N C E
tas been assum ed tha t SM A is inherited though it has to  be recognised tha t within this 
)up of diseases there  may be one or m ore phenocopies.
Is a first step in resolving heterogeneity cases m ust be classified according to  family 
lory. At the sim plest level they may be divided up into those where there is only one 
Sled person in the family (‘sporadic’), families where there are at least 2 affected sibs 
twith no o ther affected relatives (‘sibship’), and families where a  parent and child are 
«ted (‘parent-child’). It is presumed that some of the ‘sporadic’ cases and probably 
st of the ‘sibship’ cases are the result o f recessive inheritance, whereas cases in the 
enl-child’ group are likely to  be the result of dom inant inheritance. A further category 
llier’) has been used to include those families where affected individuals were second or 
® third degree relatives. The latter cases may be the result o f dom inant inheritance 
'It reduced penetrance, recessive inheritance, or multifactorial inheritance, 
h the present study the d istribution of families within these various categories is shown 
Table III. The results suggest that the ‘sibship' group does in fact represent a lecessive 
■m of SMA since 5 out o f 69 (7.2% ) of these families were consanguineous. Further, 
presumably dom inant form of this type of SMA (‘parent-child group) is much less 
Won than the recessive form. There was also consanguinity in 2 out o f 21 (9.5 %) families
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TABLE III Distribution o f families according to family groupings
Sporadic Sibships Parent-child Other Total
Families 240 69 8 21 338
Consanguinity 0 5 0 2 7
Cases 240 138 29 37 444





Significantly different from 0.50 (P <  0.05).
Hang
(moni
where m ore distant relatives were affected which suggests tha t, a t least in these cases, \|uml
recessive inheritance w ith inbreeding might be the explanation. QUart
There would appear to  be no major con tribu tion  by an X-linked gene to  any of the groups 
since none of the sex ratios, for each group considered separately, differed significantly 
from 0.50. However, the overall sex ratio  (0.56) does differ significantly from  0.50 (P <  0.05) ®angf
indicating that boys are m ore com m only affected than  girls. -—




An idea of the nature o f genetic factors in aetiology may be gained by considering correlations 
between relatives if there is variation in clinical sym ptom s or signs associated with the 
disease (H aldane, 1941). The expected correlations between sibs for such symptoms or 
signs are (a) zero for a m ajor locus w ith random  environm ental effects, (b) up to 0.5 fora 
m ajor locus w ith many modifying genetic factors, and (c) up to  unity  if there are 2 (or 
more) m ajor loci (i.e., assum ing tha t the variations in sym ptom s or signs are due to differences :w™ 
between these loci). In the ‘sibship’ group the correlation  coefficients (with 95% confidence 
limits) for age at onset and age at death (transform ed to  logarithm s because of their skewed 
distributions) were 0.77 (0.67-0.86) and 0.72 (0.47-0.87) respectively. These results suggest 
that in the ‘sibship’ group there is heterogeneity w ith the operation  o f 2 o r more major genes,
'.I lea; 
age. is
C LIN ICA L H ET E R O G EN E IT Y  sclud
¿deuil 
Jar i
Having classified patients according to  their family history, the next step was to decide 
if there were any significant clinical differences between these groups. W hen all cases were ¡¡mo( 
considered together, ages at onset and ages at death  were not norm ally distributed and :data 
therefore these results have been expressed as quartiles (Table IV). There is clearly con- =lllea 
siderable variation in age at onset. In the ‘parent-child’ (dom inant) group affected individuals >;il|a(e 
appear to  survive longer, only occasionally exhibit muscle fasciculations and usually learn jer C( 
to sit and  stand w ithout support (Table V). It m ay be tha t the ‘parent-child’ (dominant) ;trajt 
group is therefore m ore benign than the ‘sibship’ (recessive) group. However, this may be a jir jon  
reflection of the way in which this group was selected, which was for affected individuals ¡,2 g, 
who survived to  reproduce and have affected children. gestei
Clinical differences are only meaningful if there is hom ogeneity within families. When ^ 
age of onset is p lo tted  against age at death (or current age) for affected sibs (Fig. 1), it jj|,jn 
would seem that there is a definable group with onset before 6 m onths and in which death 
occurs before 2 yr o f age. This is the infantile o r type I form  of SMA. Patients in this group ¡j_ q 
were never able to sit w ithout support. The data  suggest that if onset is after 6  m o n t h s  
or a child has learned to  sit w ithout support, then it is unlikely to  be the infan tile  form
of SMA. ;noiK!
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S p o r a d ic S ib s h ip s P a r e n t - c h i ld O th e r T o ta l
iS at o n se t
¡months)
Number 228 132 16 37 413
Quartiles -  1 1 * 1 3 2 1
2 6 6 13 8 6
3 12 19 21 24 15
Range 1-192 1-288 1-168 1-204 1-288
jf at d ea th  
imonths) 
Number 72 57 _* * 15 148
Quartiles -  1 5 * 5 — 5 5
2 7 7 — 8 8
3 24 23 — 27 30
Range 1-168 1-432 — 3-576 1-576
Upper l im i t  f o r  1s t  q u a r t i l e  ( e tc .) .
'Only 4 c a s e s ,  a g e s  a t  d e a th  b e in g  198, 228, 324 a n d  780 
ABLE V Clinical course according to fam ily groupings.
m o n th s .
Results expressed as percentages
S p o r a d ic S ib s h ip s P a r e n t - c h i ld O th e r T o ta l
.¡without s u p p o r t  * 79 89 96 85 84
god w ith o u t s u p p o r t * 54 68 96 52 62
simulations 32 54 6 48 43











At least a t  s o m e  s ta g e  in  th e  c o u r s e  o f  th e  d is e a s e .  I n d iv id u a ls  w h o  d ie d  b e f o r e ,  o r  w h o s e  c u r r e n t  
■ge is less t h a n  1 y r  in  th e  c a s e  o f  s i t t in g ,  o r  le ss  t h a n  2  y r  in  th e  c a s e  o f  s ta n d i n g ,  h a v e  b e e n  
scluded.
ecide
were Bim odality, s u g g e s t i n g  h e t e r o g e n e i t y  m a y  b e  d e m o n s t r a b l e  g r a p h i c a l l y ,  a n d  p r o v i d e d  
an(  ̂ ;data a r e  n o r m a l l y  d i s t r i b u t e d ,  t h e  p o i n t  o f  o v e r l a p  ( ‘x ’ ) m a y  b e  d e t e r m i n e d  f r o m  k n o w i n g  
con' ¡means a n d  s t a n d a r d  d e v i a t i o n s  o f  t h e  2 g r o u p s  ( P e n r o s e ,  1951). I t  is  t h e n  p o s s i b l e  t o  
duals y a(e  p r o p o r t i o n  o f  c a s e s  w h i c h  w i l l  b e  m i s c l a s s i f i e d  u s i n g  t h e  p a r t i c u l a r  c r i t e r i o n  
learn jer c o n s i d e r a t i o n  ( F i g s .  2 a n d  3 ). T h e  m e t h o d  is  f i r s t  t o  s u b d i v i d e  c a s e s  a c c o r d i n g  t o  
nan^  ¡trait a n d  t h e n  d e t e r m i n e  t h e  m i s c l a s s i f i c a t i o n  w h ic h  r e s u l t s  w h e n  a n o t h e r  ( i n d e p e n d e n t )  
^e a  terion is  u s e d .  I n  t h e  p r e s e n t  s t u d y  ( e x c l u d i n g  t h e  i n f a n t i l e  g r o u p )  c a s e s  w e r e  d i v i d e d  
duals j j  g r o u p s  a c c o r d i n g  t o  w h e t h e r  o n s e t  w a s  b e f o r e  o r  a f t e r  2  y r  o f  a g e  s i n c e  i t  h a s  b e e n  
(tested t h a t  t h i s  m a y  d i s t i n g u i s h  a n  i n t e r m e d i a t e  ( t y p e  II) f r o m  a  j u v e n i l e  ( t y p e  III)  
vhen m o f  S M A  ( F r i e d  a n d  E m e r y ,  1971). T h e  m e a n s  a n d  s t a n d a r d  d e v i a t i o n s  f o r  a g e  a t  
Jilt in  t h e s e  2 g r o u p s  w e r e  t h e n  c a l c u l a t e d  t o  b e  8 8 .6  ±  63.4  ( n  =  29 ) a n d  423.0  ±  274.4 
= 4) r e s p e c t i v e l y ,  a n d  t h e r e f o r e  ‘x ’ is  0 .9 9  a n d  t h e  p o i n t  o f  o v e r l a p  in  a g e  a t  d e a t h  is  
S +  0.99 ( 63 .4 ) m o n t h s  o r  r o u g h l y  12.6 y r .  F r o m  F i g u r e  3 t h e  p r o p o r t i o n  o f  c a s e s  m i s -  
tsified o n  t h e  b a s i s  o f  a g e  a t  d e a t h  is  a b o u t  16 % . T h e  d a t a  a r e  v e r y  l i m i t e d  a n d  t h e  
ills n e e d  t o  b e  t r e a t e d  w i t h  c a u t i o n ,  b u t  t h i s  s h o w s  h o w  a  c l a s s i f i c a t i o n  b y  o n e  ( o r  m o r e  






A.E.H. EMERY, A.M. DAVIE AND C. SMITH
Fig. I A g e  a t  o n s e t  a n d  a g e  a t  d e a th  ( o r  c u r r e n t  a g e )  in  s ib s .  C o n n e c t in g  lin e s  jo in  affected 5. 
in d iv id u a l s  in  e a c h  s ib s h ip .
G E N E T I C  C O U N S E L L I N G
In general, families with several affected individuals are more likely to  be ascertained and 
reported than families where there is only one affected individual. This has to be taken | 
into account when calculating the proportion  of affected sibs o f index cases. Details of 
these calculations are to  be found in Cavalli-Sforza and Bodmer (1971).
Assuming truncate selection (which gives an overestim ate) the proportion  of affected ^  
sibs of index cases is calculated to  be 0.28 and 0.23 for infantile and  non-infantile cases 
respectively, whereas assuming incomplete single selection (which gives an underestimate) 
the proportion of affected sibs is 0.16 for both  infantile and non-infantile cases. The overall 
average is 0.20. Therefore the risk to  sibs born subsequent to  a child with proximal SMA 
where onset is before adulthood is roughly 1 in 5 provided there is no o ther family history 
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At C, ( _ ü  .  i L  
P i " P2
x  = m , -  m ;
¿1 + ¿2
2 T w o  o v e r la p p in g  p o p u la tio n s ,  i l lu s tra t in g  th e  w ay  in w h ich  p o in t  ‘x ’
2 P e rc e n ta g e  m isc la s s if ic a tio n  fo r  v a rio u s  v a lu e s  o f  ‘x ’.
is d e te rm in e d .
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SU M M A RY  A N D  C O N C LU SIO N S
The spinal muscular atrophies are a heterogeneous group of disorders. There is general agreem ent
jiJtVIE)
¡«ETTI,* “I-"    * _ _ .    «5iv,cnient r
regarding the existence of several clearly definable forms of SMA where the predominant muscle
weakness is non-proximal. However, in the case of proximal SMA with onset before adulthood 
there is some controversy. Methods for resolving heterogeneity in this latter group of disorders
•SSLER,
EOELBEI~ —-----    - w - -r- vtioviuers I />





1 collected in this Department. It would seem that a dominant form exists which is much less 
common and possibly more benign than recessive forms. The latter can be further subdivided into 
2 and possibly 3 different types on the basis of certain clinical criteria. However, because of varia­
tions between authors, analysis within authors with subsequent pooling of results would perhaps ,|t0LAID 
be more meaningful. The present data were not sufficient for such an analysis but this may be possible lCNiER’ 
with the more extensive data from the international collaborative study. il973):
IERS, H 
11VLANE
A C K N O W L ED G M EN T S (mcJ P‘
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.Dyck (Minnesota, U.S.A.) expressed doubts about the value of this type of collaborative 
iy because the standards and criteria of diagnosis were not uniformly reliable. I. Hausmanowa- 
•zewicz (Warsaw, Poland) advised caution in the use of ‘age at onset’ as a parameter in an 
iiously progressive disease. J.B. Peter (California, U.S.A.) advised the use of multidimensional 
lysis of the data.
J)' (subsequent written reply) In answer to Dr. Dyck’s doubts about the value of collabora- 
studies, many of the difficulties inherent in such studies, due to variations in reporting, may be 
■tome by doing genetic analyses within authors, with subsequent pooling of results. With a 
samount of data (as may be available in the collaborative study) such analyses will be possible 
the results therefore more meaningful. Regarding variations in age at onset, we accept that 
may not be the most reliable parameter but our studies so far have clearly shown that there is 
■on’ jh degree of statistically significant intrafamilial correlation of age at onset. Again analysis 
'in and between families will be helpful. Certainly Dr. Peter is right when he suggests that a 
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Statistical resolution of genetic heterogeneity 
in familial disease
B y  C H A R LES SM ITH
U niversity Department o f H um an  Genetics,
W estern General H ospital, Edinburgh E IlA  2H U , Scotland*
lie m u ltifacto ria l m odel o f disease liabilit}^ w ith  a th resho ld  (Falconer, 1965) h a d  p roved  use- 
¡11 sum m arizing d a ta  on th e  frequency  of a fam ilial disease in  th e  pop u la tio n  an d  in  re la tives 
iffected ind iv iduals. T he m odel has proved  ro b u st in  p ractice  as a descrip tive too l a n d  has 
a widely applied . I t  has also been used to  derive expectations to  te s t  th e  fit to  observed or 
dated d a ta  (Sm ith, 1971a; K ruger, 1973) and  to  calculate recurrence risks in  re la tives for a 
lase (Curnow, 1972; M endell & E lston , 1974; Sm ith, 19716). As used so far, th e  m odel m ay 
i serve to  obscure hete rogene ity  of different genetic form s of a disease b y  lum ping  to g e th e r 
ion sim ilar clinical groups, in  order to  derive a single sum m arizing sta tis tic , th e  h e ritab ility  
¡ability, for th e  disease.
However, th e  m u ltifac to ria l m odel also can be used to  resolve genetic he terogeneity  in  a 
ease by  te s tin g  w hether an y  sp litting  of th e  disease is valid. I f  th e  disease can be sp lit in to  
)(or m ore) groups, on  an y  criterion, we can te s t  if  th e  groups are genetically  d is tin c t an d  if  
ive can m easure th e  ‘genetic  co rre la tion ’ (Falconer, 1960,1967) betw een th e ir  liabilities. The 
a required are  sim ply th e  frequencies of th e  tw o groups of disease in  th e  re la tives of th e  pro- 
Ms of each o f th e  tw o  groups.
fefore m ak ing  a n y  genetic  in te rp re ta tio n s of such d a ta  i t  is im p o rtan t to  rem ove or d iscount 
i common fam ilial env ironm en t effects am ong relatives. This m ay  be done b y  also consider- 
relatives living a p a r t  or u n re la ted  individuals living together. In  th is  paper i t  is assum ed th a t  
k groups have  a lread y  been  rem oved or discounted. W e shall use th e  te rm  group for a pheno­
lic grouping o f th e  disease an d  use th e  te rm  fo rm  to  rep resen t a  genetic class. F o r sim plicity , 
|will consider only  first degree relatives. A sum m ary  of th e  n o ta tio n  used is given as an  
jpendix.
S IM P L E  T E S T S
Suppose a fam ilial disease can be d iv ided (on an y  criteria) in to  tw o groups 1 an d  2. O bserved 
p  on th e  pop u la tio n  frequency  for th e  tw o groups and  on th e  frequencies of th e  tw o groups in  
¡Wives w ill be o f th e  k in d  show n in  Table 1. T h a t is P1 an d  P 2 are th e  pop u la tio n  frequencies 
disease g roups 1 an d  2 respectively . Am ong p robands, w ith  disease group 1 th e re  w ill be N x 
Wives, o f w hom  A u  w ill be affected w ith  disease group 1 an d  A 12 w ith  disease group 2. P 12 is 
a  the conditional p ro b ab ility  ( = A 1J N 1) th a t  a  re la tive  of a p ro b an d  w ith  disease group 1 
I  be affected b y  disease group 2, an d  sim ilarly for Pn , P 21 an d  P 22.
Asimple tes t for genetic identity  between the two disease groups can be m ade by a 2 x 2 chi- 
Bre of the num ber of affected relatives (A-values in  Table 1). For example, consider the d ata  
Table 2 on spina bifida and anencephaly from Carter and co-workers (1968, 1973). In  both
' Present ad d re ss : ARC A nim al B reeding R esearch O rganisation, W est Mains R oad , E d inbu rgh  E H 9  3JQ .
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Table 1. Form  o f data on probands and on their relatives fo r  two disease groups
A f f e c t e d  r e l a t i v e s
G r o u p  i G r o u p  2
P r o b a n d  P o p u l a t i o n  




N u m b e r  P r o p o r t i o n  N u m b e r  P r o p o r t i o n  r e l a t i v e s






Table 2. Anencephaly and sp ina  bifida in  first degree relatives o f probands fo r  each o f these disorders
N o .  a f f e c t e d  r e l a t i v e s
P r o b a n d  
(a) C a r t e r ,  D a v i d  &  L a u r e n c e ,  i c
P o p u l a t i o n
f r e q u e n c y
(%)
T o t a l
A n e n c e p h a l y  S p i n a  b i f i d a  r e l a t i v e s
A n e n c e p h a l y 0 - 3 6 1 6 13 7 0 7
S p i n a  b i f i d a 0 - 4 2 2 0 32 854
C a r t e r  &  E v a n s ,  1 9 7 3
A n e n c e p h a l y 0 -1 3 2 4 1 7 754
S p i n a  b i f i d a 0 - 1 7 1 2 13 73 °
(a) X I  =  1 - 4 7 ; (6 ) X I  = 0 - 3 2 .
sets o f d a ta , th e  chi-squares were sm all and  so th e  liabilities to  th e  tw o diseases m u st be very 
closely genetically correlated  w ith  one ano ther.
Sim ilarly, we can te s t for lack  of an y  genetic correlation  betw een  th e  tw o  groups. I f  there is no 
genetic correlation in  liab ility  th e  proportions Pi 2 an d  P‘21 in  T able 1 should  equal th e  popula­
tion  frequencies Pa and  P x respectively. U sually  th e  expected  num bers (AqP2 an d  N^Pf) will be 
sm all if  th e  disease is ra re  so a chi-square m ay  be inap p ro p ria te . A n a lte rn a tiv e  is to  use the 
Poisson d istribu tion  for th e  ra re  events. G iven th e  expected  nu m b er, th e  p ro b ab ility  of getting 
th e  observed num ber b y  chance can be read  off from  tab les  of th e  d is trib u tio n  (e.g. Table 7, 
Biom etrika Tables, Pearson & H artley , 1954). F o r exam ple in  th e  first row  of T able 2, if  the con­
ditions are genetically  d istinct, th e  expected  num ber o f re la tives w ith  sp ina bifida for probands 
w ith  anencephaly is 0-0042 x 707 =  2-97. W ith  th is  m ean  (and variance) th e  probability of 
obtaining 13 or m ore affected re latives b y  chance is less th a n  0-1 %  a n d  sim ilarly  for the  other 
rows. Of course w ith these diseases th e  hypothesis th a t  th e y  a re  d is tin c t genetic forms is 
thoroughly  rejected .
These simple m ethods provide th e  basis for resolving genetic  he terogeneity  in  fam ilial disease. 
I f  there  are d istinc t genetic form s of th e  disease, th e n  these  are  likely  to  differ in  several respects 
(clinical, biochem ical, physiological or s ta tis tica l). T hus m ore deta iled  s tu d y  of a disease should 
lead to  sp litting  in to  groups whose genetic sim ilarity  or d istinc tness can  be te s te d  b y  th e  simple 
m ethods outlined above an d  an y  genetic he terogeneity  should  be detec ted . L ack  o f resolution 
m ay be due to  inaccurate  grouping o f th e  disease an d  o ther groupings should  be tr ie d  an d  tested. 
Of course th is  is th e  w ay  th a t  clinicians have  em pirically  inv estig a ted  a n d  resolved many 
heterogeneous fam ilial diseases in  th e  p ast. S im ilarly, for those fam ilial diseases which are 
curren tly  unresolved, a system atic  procedure of grouping an d  te s tin g  should  be effective in 
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F i g .  1 . T h e  b i v a r i a t e  p h e n o t y p i c  d i s t r i b u t i o n  o f  l i a b i l i t y  t o  t w o  d i s e a s e  f o r m s  (1 a n d  2 ), 
w i t h  t h r e s h o l d s  ( T j  a n d  T 2) a n d  s e g m e n t s  c u t  o f f  (a, b, c, a n d  cl).
Table 3. M a trix  o f phenotypic correlations in  liability  
to two disease form s among relatives
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There are  m an y  fam ilial diseases w here heterogeneity  is suspected  b u t different genetic  form s  
re not been resolved, perhaps because of some overlap betw een different disease groupings, 
t example, th e re  m ay  be overlap in  liab ility  betw een early  an d  la te  onset d iabetes or in  
lility to  th e  d ifferent clinical form s of schizophrenia. I n  prac tice  th e  sim ple cases w ith o u t over- 
; will a lread y  have  been resolved an d  i t  will be th e  in te rm ed ia te  cases th a t  need  fu rth e r  
iestigation. T h a t is, a m ajo r reason for lack  of resolution for some fam ilial diseases m ay  be 
t e e  th e  liabilities o f th e  different disease form s a re  correlated , b o th  p heno typ ica lly  an d  
letically.
With tw o corre la ted  disease form s 1 an d  2, th e  u n iv aria te  m ulti-fac to ria l m odel (Falconer, 
ia) becomes a  b iv a ria te  norm al as in  Fig. 1. One th resho ld  (Tf) applies to  form  1 on one co- 
linate, an d  th e  o ther (T2) to  form  2 011 th e  o ther co-ordinate. E x ten d in g  th e  m odel to  include 
stives, th e  problem  becom es one of dealing w ith  tru n ca tio n  o f a 4-w ay m u ltiv a ria te  norm al 
■tribution o f liabilities to  form s 1 an d  2 in  ind iv iduals an d  in  th e ir relatives. The p a ram ete rs  of 
! distribution can be sum m arized  b y  a  sym m etric  4 x 4  pheno typ ic  correlation  m atrix , as in  
Me 3. The p a ram ete rs  rn  an d  r22 are  th e  correlations am ong relatives for liabilities to  form s 1 
'12 respectively, r12 is th e  pheno typ ic  correlation  in  liab ility  betw een form s 1 an d  2 w ith in  
widuals an d  rf2 is th e  correlation  in  liab ility  betw een form s 1 an d  2 for an  ind iv idual an d  a 
stive. T he o ther tw o  p a ram ete rs  are th e  th resho ld  po in ts  Tx an d  T2, im posed b y  tru n c a tio n  b y  
threshold, giving six p aram eters  in  all.
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T able 4. Correlation in  liability between ls i  degree relatives fo r  a disease 
which combines two genetically uncorrelated diseases 1 and 2
C o r r e l a t i o n  i n  
l i a b i l i t y  f o r  
x s t  d e g r e e  




P r o p o r t i o n  o f  d i s e a s e  i ,  ( F ) / P )
D i s e a s e  i D i s e a s e  2 ( A
( D i ) (^*22) o - i 0-5 0 -9
o -o 0 -2 o - i 8  ( o - i 8 ) * 0 - 0 9  ( o - i o ) o - o i  ( 0 - 0 2 )
0-4 0 - 3 7  ( 0 - 3 6 ) 0 - 2 3  (o - 2 o ) 0 - 0 4  (0 -0 4 )
0 -2 o -o o - o i  ( 0 - 0 2 ) 0 - 0 9  ( o - i o ) o - i 8  ( o - i 8 )
0 -2 o - i 8  ( o ’2 o ) 0 - 1 5  ( 0 - 2 0 ) o - i 8  (0 * 2 0 )
0-4 0 - 3 7  ( 0 - 3 8 ) 0 - 2 6  ( 0 - 3 0 ) 0 - 2 0  ( 0 - 2 2 )
0-4 o -o 0 - 0 4  ( 0 - 0 4 ) 0 - 2 3  ( o ‘2 0 ) 0 - 3 7  (0 - 3 6 )
0 -2 0 - 2 0  ( o - 2 2 ) 0 - 2 0  ( 0 - 3 0 ) 0 - 3 7  (0 - 3 8 )
0-4 0 - 3 8  ( 0 - 4 0 ) 0 - 3 4  ( 0 - 4 0 ) 0 - 3 8  (0 - 4 0 )













The correlations can be in te rp re ted  genetically  if  com m on fam ilial env ironm en ta l effects Me»ern 
discounted as a lready  discussed. T he p h eno typ ic  correla tions are  th e n  r u  =  - p .f ,  r 22 =  \ h \  andjj- -j 
r i2 =  V l-Jh rau (Falconer, 1960), w here h \ an d  h \ a re  th e  h e ritab ilities  of liab ilities and r0jtis £ 
th e  genetic correlation in  liab ility  betw een th e  tw o form s. F o r r12 a  te rm  for com m on enviror.-o ^ 
m en ta l factors affecting th e  tw o disease form s in  th e  sam e ind iv idual m u st be included so that v
r12 =  h1h2rGii + ̂ [{ i - h \ ) { l  - h l ) \ r Ei2 
(Falconer, 1960), w here rEio is th e  correlation  due to  env ironm enta l effects (assum ing no correla­
tio n  of genotype an d  environm ent) (Table 4).
ane
IN D EPEN D EN T DIAGNOSIS 
I f  there  is independen t a scerta inm en t an d  diagnosis o f th e  tw o  form s o f th e  disease, in­
dividuals w ith  b o th  form s ( th a t is above b o th  th resho lds Tx an d  T2) w ill be identified  as such, 
Thus th e  proportions falling in to  th e  four segm ents a, b, c an d  d  in  Fig. 1 will be known, and 
sim ilarly for th e  relatives. In  T able 1, Pi (the pop u la tio n  frequency  for disease g roup  i) istlienKe
th e  frequency of probands ascerta ined  for disease form  i  (irrespective o f form  j ) .  Similarly, P;/ c<l
(the frequency of group j  in  re la tives of p robands w ith  group  i) is th e  frequency  of form f ‘ -v’s
(irrespective of form  i) in  re la tives of p robands w ith  form  i (irrespective o f form  j ) .  The para- llP
m eters o f Table 3 can be estim ated  from  these  observed P  frequencies b y  th e  original Falconer
(1965) m ethod. L e t an d  ai (d istinguished from  th e  a  in  F ig . 1 b y  th e  subscrip t) be respectively
th e  deviate a t  th e  th resho ld  an d  th e  average dev ia te  associated  w ith  pop u la tio n  frequency Jj ol̂ le
disease group i, an d  sim ilarly  for an d  a.u associated  w ith  th e  P^. T hen  calculate !Ure-
: t l i  tl
( a ; ,— % • )
P a  =  —̂ I P  quei
(ima-
or more precisely (Reich, Jam es  & M orris, 1972) ¡the
r> 'U? V [ 1- (^h ^'ij) ( 1 L /^ ì)] -Unii;
ae / ’n  an d  i?22 are  estim ates o f rlx =  \h \  an d  of r 22 =  \h \  respectively  an d  from  these  we can 
jd hv  h2- The I i12 an d  I?21 are b o th  estim ates of Jif, =  \lGh-2rG , so G12 th e  F alconer (1967) 
¿mate o f rG can be derived.
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NO N-IND EPEN DEN T DIAGNOSIS 
Usually in  p rac tice  th e  a scerta inm en t an d  diagnosis o f tw o correlated  disease form s w ill n o t 
independent, one often  precluding  th e  o ther. F o r exam ple, diagnosis o f anencephaly  will p re- 
jde diagnosis of sjiina bifida, a n d  cases w ith  early  onset d iabetes canno t also have  la te  onset, 
individuals w ith  b o th  form s 1 an d  2 of a disease fall p a r tly  in to  group 1 an d  p a r tly  in to  group 
then th e  tru e  p o pu la tion  frequencies o f th e  tw o form s will be u n d erestim ated , an d  so an y  
¿mates of p a ram ete rs  derived  from  th em  will be biased. The m ain  purpose o f th e  re s t o f th e  
iper is to  assess th e  e x te n t o f these  biases an d  to  develop m ethods to  a d ju s t for th em  in analysis. 
The problem  arose in  try in g  to  resolve th e  genetic re la tion  of early  onset a n d  la te  onset 
ibetes (Sm ith, F alconer & D uncan, 1972). Two ex trem e m odels w ere te sted , (1) th a t  th e  la te  
set individuals are  those ly ing betw een a low an d  a high th resho ld  on a  com m on u n iv a ria te  
stribution of liab ility  to  d iabetes and  (2) th a t  th e  liabilities for early  an d  la te  onset disease 
?re uncorrelated . N eith er m odel fitted  th e  d a ta  well, th o u g h  th e  form er w as preferred , a n d  an 
termediate form  of analysis was suggested.
\  and individuals jn  segm ent (a) in  Fig. 1 are  n o t diagnosed w ith  b o th  disease form s 1 an d  2 th e y  
, f f i2 l s :ay fall e ith er in to  group  1 or in to  group 2 .  Since we do n o t know  th e  grouping in  p rac tice  we 
Tiron‘ill deal w ith  th e  tw o ex trem e cases w hich should cover th e  in te rm ed ia te  cases. One ex trem e
its are
that Be will be w hen  all of segm ent (a) falls in to  group 1. The q u an tities in  T able 1, in  te rm s o f th e
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is their86 conditional p robabilities (Py) can be estim ated  by  th e  num erical m ethods to  be described 
rjv pil can th e n  be com pared w ith  observed d a ta . Since e ither disease group can be coded 1, th e  
forujjdysis can be rep ea ted  in terchanging  th e  disease groups, th a t  is le ttin g  segm ent (a) fall in to
e pffl-;™ P  2 -
alconet
ctively METHODS
:.y  p; ojThe analysis of disease form s w ith  independen t diagnosis an d  ascerta inm en t ivas described 
fee. The m ethods w hich follow deal w ith  non-independen t diagnosis an d  ascerta inm en t an d  
Ml the g rouping  described in  th e  previous section. In  p ractice  we observe th e  (P.y) conditional 
quencies (of disease group (j) in  re la tives o f p robands w ith  disease group (i )) an d  w ish to  
innate th e  tru e  (r^) p aram eters  for th e  form s of th e  disease. H ere  we first develop m ethods to  
itlie reverse, nam ely  to  e stim ate  th e  (P.b) frequencies given th e  [ri}) p aram eters . W e can th e n  
amine w h a t effects th e  different groupings of th e  disease form s have on th e  (P{j) frequencies, 
«Ion th e  F alconer (1965, 1967) estim ates of h e ritab ility  an d  genetic correlation  derived  from
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th e  (Pij). W e can also th en  use th e  m ethods ite ra tiv e ly  to  e stim ate  th e  (rfJ) param eters which ^  
give th e  best fit to  a set o f observed (Jb ) frequencies. fora
Given a set of param eters  Pv  P2, r n , r22, r12 an d  rf2 as in  Tables 1 an d  3, i t  is possible to derive 81111 
the  conditional frequencies P1V P12, P21 an d  P 22 for th e  4 -varia te  norm al d istribu tion . T his was i ec 
done in  tw o ways. The first was b y  num erical in teg ra tio n , as follows. The frequency  in  any cell of fr® 
th e  4-variate norm al d is trib u tio n  can be num erica lly  ev a lu a ted  from  th e  d is trib u tio n  formula I#) 
(e.g. Mood & Graybill, 1963). F o r each Pi} we can iden tify  (as given in  th e  p rev ious section) the »^  
segm ents (a + b) or c for relatives, an d  sim ilarly  for p robands, as cu t off b y  th e  th resholds 1\ and ®Pei 
T2 in  Fig. 1. The segm ents cu t off w ere subd iv ided  in to  a g rid  of 100 equal squares, both for Wa 
relatives and  for p robands, giving 104 cells in  all. T he frequencies in  th ese  cells were then
evaluated  and  accum ulated  to  get th e  uncond itional frequency  for each proband-relative j,.
com bination. The unconditional frequency  Fi for a  probancl segm ent alone w as evaluated  in the  ̂ ^ 
sam e w av b u t allowing th e  grid for re la tives to  cover all segm ents a, b, c an d  d. These uncon-
¡om
clitional frequencies w ere th e n  used to  ge t th e  conditional frequencies (J b ) as
p u = Fa !Fi • icroi
To check on th e  resu lts derived in  th is  w ay  an d  to  ge t a so lu tion  involv ing  less computing iuec
tim e, a second m ethod  w as also used. This w as th e  ap p ro x im ate  m ethod  proposed b y  Mendell k mei 
E lston  (1974) for deriving recurrence risks w ith  th e  m u ltifac to ria l m odel. T he solu tion  depends l̂ieS( 
on form ulae b y  A itken (1934) for param eters of a m u ltiv a ria te  no rm al d is trib u tio n  a fte r selection llork
of one of th e  variables. Several selected variab les can be tre a te d  in  tu rn . The approximation ’ave 
in troduced  by  M endell & E lsto n  was to  consider th e  tru n c a te d  d is trib u tio n  as if  i t  w ere normal,5 
and  th ey  showed th a t  th is  h a d  only a  sm all effect on th e  re su lts  ob ta ined . L e t u  refer to pro-11
bands an d  v to  th e ir  relatives. T he m ethod  gives conditional p ro b ab ility  te rm s like Prob lXPe
W£(«1 1%) =  Pn  and  P ro b  {v2\vx, u x), th e  p ro b ab ility  th a t  a  re la tiv e  has disease fo rm  2, given that
he also has disease fo rm  1 an d  th e  p ro b an d  has disease fo rm  1. T he values of th e  (fb) can be ^
derived from  these, for exam ple oue
Tabl
p  = P ro b  ( t q ^ - P r o b  K |% )  P ^ K  ui ) rajll(
1 —P rob  (v ,\u ,)
1 unit-'
which is th e  conditional p rob ab ility  th a t  re la tives h av e  disease group 2 given th a t  prohands fon 
have disease group 1. The com puter p rog ram  to  estim ate  th e  Pti in  th is  w ay  is available on fea 
request. the s
W ith  these procedures we can exam ine w h a t effects th e  d ifferent groupings o f th e  disease 
form s have on th e  PiX frequencies an d  on th e  LL- correlation  estim ates derived  from  them  by the lre c 
original Falconer (1965) m ethod. T he observed disease g roup  frequencies will be Px and P.jThe, 
(=  P — Pf) in  th e  popu la tion  an d  P n, P 12, P 21 an d  P22 in  th e ir  re la tives. The w ere derived using lion
form ula (2). R n  an d  P 22 are  estim ates o f p a ram ete rs  rn  an d  r22 respectively , b u t  R 22 willbeffiq , 
biased because of tru n ca tio n  on disease group 1 in  th e  p o pu la tion  an d  in  re la tives. From 
and P 21, th e  Falconer (1967) estim ates of th e  genetic  correlation  a re  derived  as
=  im  an d  G2-, =
n  P 22] ”1 \l iF  1 1 P 22] same
K now ing th e  tru e  values of th e  p aram eters  an d  th e  estim ates derived  a fte r g rouping  th e  disease true 
forms, th e  biases in  th e  estim ates (P 22, Cr12 an d  G21) can  be assessed.
which ^?e can a ŝ0 llse ̂ ie p rocedures for deriving Pn , P12, P21 an d  P22 to  e stim ate  th e  r n , r22, r12 and  ?f2 
or a given se t of observed d a ta . T he fit to  th e  d a ta  by  th e  m odel w ith  a given set of (r^) pa ram ete rs  
lerive ■®1 assessecl  b y  a Goodness of F it  chi-square of th e  expected  an d  observed num bers (Gy) of 
is was iff6cfecl re la tives. A  serial search procedure to  find th e  pa ram ete r values giving th e  m inim um  
cell of ¡hi-square w as used  following R eich, Jam es & M orris (1972) to  get th e  best estim ates o f th e  
rmula Ity) param eters. In  p rac tice  several of th e  p aram eters  (P , J \  an d  rn ) could be ta k e n  as fixed an d  
11) the ® ^ie searches w ere usually  only over th e  o ther th ree  param eters . T he procedure can th e n  be 




in tl ^ l e  ^W0 m eth o d s for deriv ing th e  frequencies P n , P 12, P 21 and  P22 w ere com pared. F o r
tach m ethod, th e  to ta l  popu la tion  frequency  (P), th e  frequency  of disease form  1 (P J , th e  tru e  
¡orrelations (rn  an d  r22) in liab ility  am ong rela tives for form  1 an d  form  2 respectively , an d  th e  
¡orrelations (r12 an d  rf2) o f liab ility  for form  1 w ith  liab ility  for form  2 in th e  sam e ind iv idua l and  
across re la tives w ere given. The observed frequency  of group 2 is P *  =  P —Pv  The tru e  fre- 
Ritino- 'lliency  b°rm  2, needed to  find th e  th resho ld  T2, was first derived b y  num erical in teg ra tion , 
dell& ''ren ^  anc^ J'12' ^ ie com Pliter p rogram s th e n  w en t on to  derive P n . P 12, P21 and  P22. F rom  
pends îese ^ ie correlation  estim a te s  R n , P 12, P 21 an d  P 22 were derived corresponding to  th e  correla- 
ection aons wkich  w ould  be estim ated  from  an  observed set o f d a ta , as in  Table 1. The tw o m ethods 
ration ’ave very  sim ilar correlation  values, usually  equal to  tw o decim al places, b u t  w ith  differences 
irmal F in a lly  increasing as th e  popu la tion  frequency  decreased due to  th e  coarseness o f th e  num erica l 
o pro- fe^grali011 classes. B ecause th e  app rox im ate  m a trix  m ethod  showed less dev ia tion  from  th e  
Prob txPecte(l  values (for 11 n ) an d  took  only ab o u t one tw en tie th  of th e  com puting tim e  of th e  o ther, 
a tha§iwas used  for all th e  subsequen t calculations.
j,f Since form  1 resu lts  from  th e  first tru n ca tio n , P u  — rn . The resu lts for P 22 an d  for th e  genetic 
rarrelation values (Cr12 an d  G 21) derived from  P 12 an d  P 21 are given in  th e  to p  an d  b o tto m  rows o f 
Table 5. The correlation  (P 22) in liab ility  for group 2 m ay  be appreciab ly  lower th a n  th e  tru e  
ralue r22 (0-2 or 0-4). H ow ever, th e  genetic correlation values G 12 an d  G 21 are high an d  v a ry  ab o u t 
unity, th e ir  tru e  value. T hus despite th e  biases due to  tru n ca tio n , th e  F alconer genetic  correla- 
bands tion estim ates w ill s till te n d  to  show up  th e  tru e  genetic re la tion  betw een  tw o groups of th e  sam e 
ble on fcease. W hen th e  tw o groups are d isproportionate , th e  values in  Table 5 v a ry  ra th e r  m ore, b u t 
the sam e general conclusions hold, 
iisease Another possib ility  is th a t  tw o disease form s m ay  arise from  th e  sam e genetic d is trib u tio n  b u t  
bythelre different because of different env ironm ental factors w hich m ay, or m ay no t, be correlated, 
ad -P2 The correlations in  liab ility  (ru  an d  r22) m ay  th e n  be different in  th e  tw o diseases an d  th e  correla- 
usingtion ,-i2 _  + Af)(l -/¿¡)]? '7ii.,. The results are given in  th e  tw o m iddle rows o f T ab le  5
dll be md are sim jia r 1 0 those discussed above.
'in En
CORRELATED GENETIC LIABILITIES 
If th e  tw o disease form s have genetically  correla ted  liabilities (0 < rG< 1), we can use th e  
same m ethods to  derive th e  F alconer genetic correlations G 12 an d  G 21 an d  com pare th em  w ith  th e  
liseasetrue value rĜ . A  series o f exam ples were ru n  an d  th e  resu lts  w ere sim ilar to  those described in 
Tables 4 an d  5. The value for P 22 consisten tly  u nderestim ated  th e  p a ram ete r r22, b u t  th e  v alues
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Table 5. Estimate o f parameters fo r  two disease fo rm s with the same genetic liability distribution 
but with different environmental factors which m ay  be correlated {rEiJ .
A b o v e :  E s t i m a t e  (J?22) o f  c o r r e l a t i o n  ( r 22) i n  l i a b i l i t y  b e t w e e n  r e l a t i v e s  f o r  g r o u p  2 .
B e l o w :  E s t i m a t e s  (Cr12, G21) o f  t h e  g e n e t i c  c o r r e l a t i o n  ( r a  i2 ) b e t w e e n  f o r m s  1 a n d  2 .
C o r r e l a t i o n  
i n  l i a b i l i t y
f o r  1 s t  P r o p o r t i o n  a l l o c a t e d  t o  d i s e a s e  1 , (-P1/-P)
d e g r e e  ,-------------------------------------------------------------------------- A------------------------— --------------------------------------------
r e l a t i v e s  o-i 0-5 0-9
»'£12 r£12 VE ja
F o r m  1 F o r m  2 Ar -------------------------- * C -- -----, A *V
( * u ) ( ’ ■2 2 ) O 1  - o O 1 * 0 0 1 * 0
0 - 2 0 - 2 0 * 1 9 0 - 1 8 0 - 1 8 0 - 1 4 0 - 1 7 0 - 1 7
1 - 2 2  0 - 8 4 I - 2 I  0 - 8 4 i - o i  0 - 9 8 1 - 0 2  0 9 6 0 - 8 7  1 * 1 9 I - I  I  0 - 7 7
0 - 2 0 - 4 0 - 3 9 0 - 3 9 0 - 3 7 0 - 4 0 o - 3 5 0 - 4 2
0 - 9 4  o - 8 o 0 - 9 4  o - 8 o i - o i  0 - 9 9 i - o i  0 - 9 9 0 - 8 2  1 - 3 9 0 - 7 7  0 - 9 6
0 - 4 0 - 2 o - i 8 0 - 1 6 0 - 1 5 0 - 0 8 0 - 1 3 0 * 0 4
1 - 3 7  0 - 7 8 1 1 9  0 - 7 5 0 - 9 9  0 - 9 5 0 - 7 7  0 - 7 0 0 - 8 3  I - 2 I 0 - 7 I  1 - 3 2
0 - 4 0 - 4 0 - 3 6 0 - 3 6 0 - 3 0 0 - 2 7 0 - 2 5 0 - 2 0
0 - 9 3  0 - 7 4 0 - 9 3  0 - 7 4 i - o i  0 - 9 7 1 - 0 2  0 - 9 5 o - 8 o  0 - 9 5 0 - 9 7  0 - 9 8
P o p u l a t i o n  f r e q u e n c y I  % .  r a 12  = i - o .
o f Cr12 and  G21 again varied  ab o u t rG an d  gave a good ind ica tion  of th e  tru e  genetic  correlation. 
Since we have dealt w ith  th e  m ost ex trem e situ a tio n s in  these  sections (rE =  0, or 1, an d  all of 
segm ent (a) in  group 1), th e  dev iations of th e  Falconer estim ates from  th e  p aram eters will 
usually  be m uch less th a n  those show n in Tables 4 an d  5.
APPLICATION
E v a lua tion  of th e  p roportions P u , P 12, P21 an d  P 22 for d ifferent p a ram e te r se ts  allows the 
testin g  of hypotheses ab o u t tw o disease form s. In  add itio n  we can derive estim ates of the 
p aram eters w hich give th e  b est fit to  a set of d a ta  b y  ite ra tin g  to  find th e  m in im um  chi-square.
As an  exam ple, th e  genetic re la tion  o f early  onset (E) an d  la te  onset (L) d iabetes is examined ffei 
using these m ethods. D a ta  from  Sm ith , Falconer & D u n can  (1972) are  p resen ted  in  Table 6. The hs( 
estim ates of correlation in  liab ility  for early  onset, la te  onset an d  all d iabetes w ere 0-38 ± 0-03, Th<
0-30 + 0-02 an d  0-29 ± 0-02 respectively . The tw o F alconer estim ates o f th e  genetic correlation tha 
are 0-24 + 0-07 and  1-04 + 0-05, differing m arked ly  from  one ano ther. The difference does not »e 
seem to  be entirely  due to  differential m o rta lity  of d iabetics as w as first im plied  (Darlow, Smith the 
& D uncan  (1973)). The hypotheses (1) th a t  th e re  is a  single genetic  liab ility  to  d iabetes (rG =  PO) P’o 
an d  (2) th a t  early  and  la te  onset are  tw o  independen t genetic  disorders (rG = 0-0) w ere tested (P* 
b u t b o th  could be re jected  by  th e  d a ta . H ow ever, if  we consider early  an d  la te  onset as two 
genetic forms, each w ith  th e ir  own correlation in  liab ility  (or heritab ility ) an d  w ith  a genetic 
correlation betw een them , we can find  b y  ite ra tio n  an  ad eq u a te  fit to  th e  d a ta . T his indicates a 
considerable genetic overlap in  th e  early  and  la te  onset form s o f th e  disease w ith  a genetic  ̂
correlation of 0-65 in  th e ir  liabilities.
The hypothesis o f a  single disease liab ility  w as also te s ted  in  th e  d a ta  on sp ina  bifida and l̂e 
anencephaly in  Table 2. The form genetic correlation estim ates o b ta ined  b y  th e  F alconer method ^ i
Table 6. Analyses fo r  early and late onset diabetes
( D a t a  f r o m  S m i t h ,  F a l c o n e r  &  D u n c a n  ( 1 9 7 2 ) ) .
F i r s t  d e g r e e  r e l a t i v e s
P o p u l a t i o n  r  a ^
f r e q u e n c y  E a r l y  o n s e t  L a t e  o n s e t  
P r o b a n d  ( % )  ( u n d e r  2 5 )  (2 5  a n d  o v e r )
(a) F r e q u e n c i e s
E a r l y  o n s e t  ( E )  0 - 0 6 4  2 2 / 1 0 7 5  3 6 / 7 6 6
( u n d e r  2 5 )
L a t e  o n s e t  ( L )  0 - 9 1 2  1 1 / 6 3 2 6  3 ° 3 /S 777
( 2 5  a n d  o v e r )
(b ) C o r r e l a t i o n  e s t i m a t e s
>' e e  =  0 - 3 8  ± 0 - 0 3  t G e l  ~  ° ' 3 4 ± 0 '°7
rhh  =  0 - 3 0  ± 0 - 0 2  r c>LE =  i ' ° 4 ± o - o 5
^combined 0"29 L  0*02
(c )  P a r a m e t e r  v a l u e s  f i t t e d
G o o d n e s s  o f  F i t
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H y p o t h e s i s  t e s t e d tee tll Vgel
(
êl X 2 d f P
O n e  g e n e t i c  d i s e a s e ,  
n o  e n v i r o n m e n t a l  c o r r e l a t i o n
0 - 2 9 0 - 2 9 i -oo 0 - 5 8 34 ' i 3 <  O-OOI
O n e  g e n e t i c  d i s e a s e ,  
c o m p l e t e  e n v i r o n m e n t a l  
c o r r e l a t i o n
0 2 9 0 - 2 9 i - o o i - o o 34 'S 3 <  O-OOI
S e p a r a t e  g e n e t i c  f o r m s  
n o  e n v i r o n m e n t a l  c o r r e l a t i o n
0 - 3 8 0 '3 0 0 - 0 0 0 - 0 0 124'S 2 <  O-OOI
S e p a r a t e  g e n e t i c  f o r m s  
c o m p l e t e  e n v i r o n m e n t a l  
c o r r e l a t i o n
O oj 0
0 0 - 3 0 0 - 0 0 0 -6 5 1 9 6 -6 2 <  O-OOI
C o r r e l a t e d  g e n e t i c  f o r m s  
c o r r e l a t e d  e n v i r o n m e n t a l  
e f f e c t s
0 - 3 8 0 - 3 0 0 - 6 5 * 0 - 8 5 * 3 '4 2 NS
* O b t a i n e d  b y  i t e r a t i o n  f o r  m i n i m u m  X 2.
ivere 0-92, 0-71, 0-90 an d  0-95 w ith  a pooled value of 0-87 + 0-10. This ind icates th a t  th e  tw o  
diseases are  e ither genetically  th e  sam e or th a t  th e ir  genetic liabilities are very  closely correlated. 
Hie d a ta  o f th e  second s tu d y  (C arter & E vans, 1973) are  indeed com patib le w ith  th e  hypothesis 
ion that anencephaly  an d  sp ina bifida are  differing m anifestations o f a single genetic d isorder, w ith  
lot- m encejhaly being th e  m ore severe group. H ow ever, th e  d a ta  in  th e  second s tu d y  only sa tisfy  
ith the hypothesis of a single liab ility  to  these diseases if  sp ina bifida is ta k e n  as th e  m ore severe 
•0) group, as is unlikely. These different resu lts  arise from  th e  qu ite  different p a tte rn s  in  th e  fre- 





p c Genetic he terogeneity  has been d em onstra ted  recen tly  in  m any  un ifac to ria l clinical disorders.
An im p o rta n t a n d  in trigu ing  question is w hether th e re  is also genetic heterogeneity  in  m an y  o f  
nd the com m on ‘m u lti-fac to ria l’ fam ilial disorders. The m ethods given here  can be used  to  answ er 
0d this question. I t  is reasonable to  expect th a t  if  th e re  are  separa te  genetic form s g rouped  to g e th e r
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an d  considered as one clinical disorder, th e n  those d ifferent form s are  likely also to  differ in many 
respects an d  properties (clinical, pathological, b iochem ical, s ta tis tica l, etc.)- Thus, if  there is 
genetic heterogeneity , m ore detailed  s tu d y  o f th e  d isorder should  lead  to  possible sp litting  into 
various groups. The adequacy  of th e  criteria  for sp littin g  a n d  th e  genetic  id e n tity  of th e  groups 
form ed can th en  be te s ted  b y  th e  m ethods stu d ied  here. A system atic  search for d is tinc t groups 
is proposed as a pow erful tool in  resolving an y  genetic he te rogene ity  in  fam ilial diseases.
However, in  practice  we m ay  have to  deal less w ith  d is tin c t genetic  groups (since many of 
these will a lready  have been resolved) an d  m ore w ith  d ifferent disease form s w hich have over- 
lapping, genetically correlated  liabilities, such as th e  d ifferent clinical form s of schizophrenia. 
Thus we can use th e  conventional m ethod  of F alconer (1967) to  estim a te  th e  genetic  correlation 
in  liability  betw een th e  tw o disease form s. W h a t we have  show n here is th a t  even if  the  two 
disease form s overlap an d  are  p a r tly  confounded (e.g. one precluding th e  o ther) then  the 
Falconer m ethod  can also be applied. T hus th e  derived  estim ates, over a w ide range of situa­
tions, ne ither consistently  underestim ate  or overestim ate  th e  tru e  value of th e  genetic  correla­
tion  (Table 5) b u t v a ry  around  it. So i t  is concluded th a t  in  m ost cases th e  F alconer method is 
unlikely to  seriously m islead th e  in vestiga to r in  assessing th e  tru e  genetic  association  between 
tw o diseases or tw o form s of one disease.
In  estim ation th e  Falconer m ethod  m ay  well be preferred , for th e  m ore com plex iterative 
m ethods derived here involve add itional assum ptions an d  approx im ations. M oreover, there  will 
be o ther factors to  tak e  in to  accoun t such as differences in  frequency  betw een  sexes or genera­
tions, differences in  severity , errors in  diagnosis an d  classification an d  so on. T he effects of such 
factors on the  p aram eter estim ates are likely to  be larger th a n  those s tu d ied  here an d  they  can 
be m ost readily  accom m odated b y  th e  F alconer m ethod  o f analysis.
S U M M A R Y
I f  a disease can be sp lit in to  tw o or m ore groups on an y  criterion  (clinical, biochemical, 
physiological or sta tistica l) th e n  th e  grouping can be te s te d  to  estab lish  if  genetically  inde­
pendent form s of th e  disease have been identified. The d a ta  req u ired  are  sim ply th e  frequencies 
o f  th e  tw o disease groups in  re la tives o f p robands for each of th e  disease groups. A  systematic 
search for such d istinc t groups is proposed in  searches for genetic he terogeneity  in  familial 
diseases.
In  disease form s w ith  overlapping, co rrelated  genetic  liabilities, th e  m eth o d  o f Falconer 
(1967) can be used to  estim ate  th e  genetic  correlation. H ow ever, w hen  th e  groupings of the 
disease are confounded (such as one form  precluding th e  o ther as in  early  an d  la te  onset diabetes) 
F alconer’s m ethod  will be biased. Special m ethods of analysis to  es tim ate  th e  genetic  para­
m eters have been developed an d  are  p resen ted  here. H ow ever, even w hen th e  groupings are con­
founded the  Falconer m ethod  still gives reasonable estim ates of th e  genetic  correlation, in that 
th e y  are unlikely to  seriously m islead th e  in v estiga to r in  th e  analysis an d  in te rp re ta tio n  of 
observed d a ta . In  practice  F alconer’s sim ple m ethod  m ay  be p referred  to  th e  m ore complex 
m ethods developed here because i t  involves fewer assum ptions an d  can be applied  over a  wider 
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A P P E N D IX  
N otation
p o pu la tion  frequency  for th e  fam ilial disease 
pop u la tio n  frequency  for disease form  i 
liab ility  th resho ld  for disease form  i 
n u m b er o f re la tives for p robands w ith  disease group i 
A ij/N i p ropo rtio n  o f re la tives w ith in  disease group  j  in  
segm ents o f th e  b iv a ria te  d istribu tion  cu t off b y  Tx an d  T2, see F ig . 1. 
correlation  in  liab ility  am ong relatives for disease form  i 
correlation  in  liab ility  w ith in  ind iv iduals betw een  disease form s i  an d  j  
correlation  in  liab ility  am ong relatives betw een disease form s i  an d  j  
h e rita b ility  of liab ility  to  disease form  i 
genetic  correlation  in  liab ility  betw een disease form s i  an d  j  
env ironm en ta l correlation in  liab ility  betw een  disease form s i  an d  j  
E s tim a te  of th e  correlation in  liab ility  am ong relatives for disease g roup  i  using te x t  
fo rm ula (2)
E s tim a te  of th e  correlation in  liab ility  am ong rela tives betw een  disease groups i and  
j  using te x t  form ula (2)
F alconer (1967) e stim ate  o f th e  genetic correlation in  liab ility  betw een  disease 
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Population structure of Barra (Outer Hebrides)
B y  N . E . M O RTO N ,* C. S M IT H ,f R . H IL L J  A. E R A C K IE W IC Z ,§ 
P . LAW§ a n d  S. Y E E *
D evelopm ent o f m ethods to  p red ic t an d  estim ate  k insh ip  have ou tpaced  th e ir  app lication  
(Morton, 1973). O nly a few  popvdations have been in vestiga ted  in  tw o or m ore w ays, y e t ag ree­
ment am ong different approaches is th e  only w ay  to  v a lid a te  th e  assum ptions o f k insh ip  a n a ­
lysis. W e therefo re  w elcom ed a n  o p p o rtu n ity  to  exam ine B arra , th e  so u thernm ost isles o f th e  
Outer H ebrides in  S cotland  (Eig. 1). This popu la tion  was chosen because of its  degree o f iso lation 
inferred from  geographic, religious, an d  linguistic factors. I n  th is  p ap er we re p o rt a  s tu d y  of 
the p o pu la tion  s tru c tu re  of B a rra  based  on an  analysis of dem ographic v ariab les: su rnam e 
concordance (isonym y), m igration , an d  genealogy. B ioassay of k insh ip  from  genetic a n d  chrom o­
somal polym orphism s w ill be p resen ted  subsequently . E or th e  m ethods of analysis used  in  th is  
paper see M orton et al. (19716), M orton (1973).
HISTORICAL DEMOGRAPHY 
The O uter H ebrides h av e  p robab ly  been se ttled  b y  ag ricu ltu ra l m an  for a b o u t 4000 years 
(Murray, 1966). A lthough  th e  rep o rt o f a  R om an  expedition  an d  la te r  N orse sagas suggest th a t  
in the  p a s t (as now) m an y  of its  islands w ere u n inhab ited , th e re  is no evidence o f a n y  dis­
continuity in  th e  occupation  of th e  larger islands. The Census re tu rn s  since 1801, supp o rted  b y  
earlier es tim ates  o f travellers  an d  ecclesiastics, ind ica te  a popu la tion  in  excess o f 1000 for th e  
past 300 years (Table 1). Less reliable accounts o f 200 or m ore fighting  m en in  th e  six teen th  
century suggest th a t  th e  popu la tion  has n o t been  less th a n  1000 for a t  least five centuries 
(Mackenzie, 1903; C am pbell, 1936). E rom  1745 to  1911 th e  n um ber of in h a b ita n ts  doubled, 
despite em igration  due to  d isrup tion  of th e  clan system  in  th e  e igh teen th  cen tu ry , collapse o f th e  
kelp in d u s try  a fte r th e  N apoleonic w ars, p o ta to  fam ine in  th e  la te  1840’s, a n d  clearances in  
favour o f sheep from  1851 onw ards (Table 2). D uring  th is  tim e b ir th s  in  B a rra  w ere a n  o rder o f 
magnitude m ore freq u en t th a n  m arriages, testify ing  to  loss o f th e  u n m arried  th ro u g h  em igra­
tion, m ostly  to  Glasgow an d  C anada. The high ra te  of popu la tion  increase has been a ttr ib u te d  
to th e  g rea te r p ro d u c tiv ity  o f po ta toes th a n  o f b arley  an d  oats, reduc tion  of m o rta lity  b y  
vaccination, an d  th e  developm ent of com m ercial fishing an d  ex trac tio n  o f sa lts from  seaweed. 
During th e  m iddle o f th e  la s t cen tu ry  th ere  w as deliberate  in tro d u c tio n  o f P ro te s ta n t se rv an ts  
and te n a n ts  as a  foil to  th e  C atholic in h ab itan ts . The p roportion  o f P ro te s ta n ts  fell du ring  th e  
depopulation w hich accom panied decline of com m ercial fishing in  th is  cen tu ry , an d  B a rra  
remains one of th e  few  p red o m in an tly  C atholic areas in  Scotland. Gaelic is com m only spoken, 
and these  religious an d  linguistic fac to rs reinforce its  re la tive  geographic isolation. H ow ever, 
since th e  popu la tio n  has never been sm all in  h istorical tim es, an d  th e  seas a round  th e  H ebrides
* P o p u l a t i o n  G e n e t i c s  L a b o r a t o r y ,  U n i v e r s i t y  o f  H a w a i i ,  H o n o l u l u ,  H a w a i i .
f  D e p a r t m e n t  o f  H u m a n  G e n e t i c s ,  U n i v e r s i t y  o f  E d i n b u r g h ,  S c o t l a n d .
f  C a s t l e b a y ,  B a r r a ,  S c o t l a n d .
§ M . R . C .  C l i n i c a l  a n d  P o p u l a t i o n  C y t o g e n e t i c s  U n i t ,  E d i n b u r g h ,  S c o t l a n d .
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F i g .  1 . M a p  o f  S c o t l a n d  s h o w i n g  B a r r a  a n d  t h e  a r e a s  c h o s e n  f o r  i s o n y m y  a n d  m i g r a t i o n  a n a l y s i s .  
T able 1. Population o f Barra  (after Campbell, 1936)
Y e a r N u m b e r Y e a r N u m b e r
1 6 7 1 1 0 0 0 1 7 9 1 1 6 0 4
1750 1 2 8 5 1 8 5 1 1 8 7 3
I 75S 1 1 5 0 1 9 1 1 2 6 2 0
1 7 7 1 1395 1 9 7 2 1 2 3 2
are n o t a  form idable barrie r to  oarsm en, we should  n o t expec t as m uch  inbreed ing  as may 
occur in  m ore iso lated  populations, such as coral ato lls or M elanesian villages (M orton, 1974).
D espite th e  hazards o f ex trap o la tio n  an d  th e  irregu larities o f th e  fluctuations, i t  is tempting 
to  fit th e  population  estim ates o f Table 1 to  th e  equation
Nt = N0 e»t
w here N0 is th e  num ber of neolith ic founders a n d  t is th e  num ber o f years since th e  population 
was se ttled  b y  ag ricu ltu ralists (M orton et al. 1972). F o r t = n u m b er of years since 2000 B.C., 
th e  least squares estim ates are  N 0 =  100 an d  b =  0-0007, corresponding to  a doubling time of 
(In  2)jb =  990 years. F ro m  Table 1 we m ay  reasonab ly  ta k e  1400 as a  reasonable  approxima­
tio n  to  th e  census size th ro u g h o u t th e  p a s t five centuries.
In fa n t m o rta lity  an d  em igration  of th e  un m arried  te n d  to  leng then  genera tion  tim e. In  the 
genealogy since 1775 th e  m ean  difference in  y ear o f b ir th  betw een  p a ren ts  an d  fertile  children 
was 38 years for fa thers an d  33 years for m others, declining ab o u t 5 years p er cen tu ry . This is 
clearly n o t an  equilibrium  situa tion . W e use below  a figure of 30 years as a good approxim ation 









the j  
form 




F c  
and i 
ties ( 








It is  
If 
from
Population structure of Barra 341
T able 2. A  B arra chronology
2 0 0 0  b . c .  N e o l i t h i c  c h a m b e r e d  c a i r n s
i o o  B .C . - 4 0 0  a . d .  C e l t i c  d u n s ,  b r o c h s ,  a n d  w h e e l h o u s e s
8 0 0 - 1 2 6 6  a . d .  N o r s e  r a i d s  a n d  o c c u p a t i o n
i 3°9  B a r r a  g r a n t e d  t o  M c A l l e n  b y  B r u c e
1 3 7 2  P o s s e s s i o n  p a s s e d  t o  L o r d  o f  t h e  I s l e s
1 4 2 7  B a r r a  a n d  B o i s d a l e  g r a n t e d  t o  M c N e i l
1 5 8 9  M c N e i l  r a i d e d  I r e l a n d
1 6 0 1  M c N e i l  e x p e l l e d  f r o m  B o i s d a l e
1 7 5 2  P o t a t o  i n t r o d u c e d
1 7 6 5 - 1 8 1 5  K e l p  i n d u s t r y
1 8 4 6  P o t a t o  f a m i n e
1 8 5 1  C l e a r a n c e s
1 9 1 1  D e c l i n e  o f  f i s h i n g  a n d  p o p u l a t i o n
MATERIAL
The basic se t o f d a ta  used  for th is  s tu d y  w as ob ta ined  from  th e  civil reg isters of b ir th s  an d  
marriages held  b y  th e  R eg istra r G eneral for Scotland. E ach  b ir th  e n try  contains th e  nam e, d a te  
and place of b irth , as well as th e  nam es of bo th  p a ren ts  (including m o th e r’s m aiden  nam e) an d  
the da te  an d  place o f th e ir  m arriage. The m arriage record  contains th e  nam es, th e  d a te  and  
place of m arriage, th e  ages o f b o th  p a rtie s  an d  th e  nam es of th e ir  p a ren ts.
These records w ere supp lem ented  from  th ree  sources: th e  p arish  records o f b ir th s  an d  
marriages from  1805-1854; th e  census household enum erations b y  decade from  1841; a n d  3- 
p ie ra tio n  pedigrees o b ta ined  by  in terv iew  of elderly  persons living on B a rra  a t  p resen t. T hrough 
the p arish  a n d  early  census rep o rts  i t  was possible to  ad d  m em bers to  existing sibships an d  to  
form new  sibships. Children w ere assigned to  a sibship only if  iden tification  w as unam biguous. 
If an ind iv idua l w as a p a re n t to  m ore th a n  one sibship, th e  la te r  sibships w ere identified  b y  a 
link to  th e  first sibship. A  to ta l  o f 2575 sibships w ere identified. B ecause of m issing in fo rm ation  
and o ther considerations som e of th em  are excluded from  th e  ta b u la tio n s  for isonym y, m ig ra­
tion, a n d  genealogy.
For isonom y, surnam es were coded in to  26 classes, w ith  th e  ra re r nam es grouped  b y  origin 
and sim ilarity . To s tu d y  k insh ip  betw een localities in  B arra  th e  area  w as d iv ided  in to  14 locali- 
ties o f sim ilar size, based  on num bers an d  geographical location  (Eig. 2). F o r m ig ra tion  an d  
0 kinship w ith  popu la tions ou tside B a rra  five areas w ere chosen (based on th e  num bers an d  
pattern of m ig ra tio n ): nam ely , S ou th  U ist, o ther O uter H ebrides, In n e r  H ebrides, S co ttish  
Highlands, a n d  th e  re s t o f S cotland  (Fig. 1). To derive linear d istances am ong localities an d  
tion among popu lations, th e  coordinates of la titu d e  an d  longitude w ere appended  to  th e  d a ta .
B .C .,
le °f THE MCNEILS
ima- ]\jc]^eiis 0f  B a rra  are  th e  senior b ran ch  o f th e  fam ily  in  Scotland, claim ing descent from
Tara's N eil of th e  N ine H ostages. W hen  G ill-A m hanain, th e  first M cNeil o f B arra , received  his 
L̂ ie charter from  th e  L ord  of th e  Isles in  1427, th e  clan system  w as a lready  en trenched  in  th e  
^ 611 Highlands. T he nam es M cK innon an d  M cD onald are  toge ther a lm ost as freq u en t as McNeil. 
QS1S It is conceivable th a t  th e y  were also p resen t in  th e  fifteen th  cen tury .
fion jj. -ga rra  -g im agined  as evolving b y  co nstan t effective im m igration  ra te  m  p er genera tion  
from an  infin ite  ex te rn a l p o pu la tion  w ith  a  low frequency  o f M cNeils, M cK innons, an d
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T able 3. Frequency o f common surnam es on B arra by generation
P e r i o d  o f  b i r t h  
o f  p a r e n t s
N u m b e r  
o f  p a r e n t s M c N e i l
M c N e i l ,
M c K i n n o n ,
M c D o n a l d
1 7 6 0 - 1 7 8 9 4 8 7 0 - 2 9 6 0 - 4 8 0
1 7 9 0 - 1 8 x 9 9 6 4 0 - 3 2 3 0 -53°
1 8 2 0 - 1 8 4 9 8 6 8 0 - 2 5 2 0 - 4 6 0
1 8 5 0 - 1 8 7 9 7 8 8 0 - 2 2 7 0 - 4 8 5
1 8 8 0 - 1 9 0 9 7 2 8 0 - 2 4 7 o -475
1 9 1 0 - 1 9 3 9 335 0 - 2 6 3 0 - 4 3 8
M cDonalds, an d  tim e in  generations o f 30 years since 1450 a . d . w hen B a rra  m ay  h av e  lacked 
other surnam es is denoted  b y  t = ( Y —1450)/30, w here Y  is y ear o f b ir th  of an  ind iv idual in the 
genealogy n o t know n to  be born  ou tside B arra , th e n  th e  frequency  Pt of these  surnam es in 
year Y , generation t, w ould be g iven by
































For th e  d a ta  in  T able 3 th e  least squares estim ate  of m  w ould be
m  =  0-0546 ±0-0023.
Evidently, th ere  has been appreciable im m igration  in to  B a rra  during  th e  la s t five centuries.
ISONYMY
The frequency  o f ind iv iduals w ith  th e  sam e surnam e can be used to  e stim ate  k insh ip  w ith in  
and betw een  groups. This can be applied  e ither to  ran d o m  pairs (random  isonym y) or to  pa irs 
of m ates (m arita l isonym y). I f  all ind iv iduals w ith  th e  sam e su rnam e are  supposed to  have 
obtained i t  from  a  com m on ancestor (i.e. are  m onophyletic), th e  ran d o m  kinsh ip  <pu  for g roup  i 
relative to  a region is given by  (equation  12 o f M orton et at. 19716)
f a  =  ( S g | i - s e 2 ) / 4 ( i - S G I ) ,
k k k
where qki a n d  Qk a re  th e  frequencies o f su rnam e 1c in  group i an d  in  th e  region, respectively  
(Crow & M ange, 1965). U nbiased  estim ators o f these q u an tities  are  given b y  equa tion  25 in  
Morton et at. 19716. T or p a irs  of g roups ( i , j ) ,  sep ara ted  e ither in  tim e  or space or b o th , we can 
derive th e  k insh ip  <f>i3-, giving a  k insh ip  m a trix  for th e  popu la tion
Qij =  ( E g « ? iy - Z G S ) /4 ( i - Z G 2 ) -
lc
Initial estim ates o f k insh ip  re la tiv e  to  a defined region or tim e  (as g iven in  th e  tab les an d  
figures) are  correlations w hich m ay  have  negative  expecta tion  (or a  positive ex p ec ta tion  b u t 
be negative th ro u g h  estim ation  error). W hen ad ju s ted  to  a n  indefin itely  large region or tim e  
(as in  th e  pa ram ete rs  a  a n d  i j T below), k insh ip  is a p ro b ab ility  o f id e n tity  b y  descent a n d  so 
has positive ex p ec ta tio n  (see Crow & K im ura , 1970). The tw o system s are  re la ted  b y  a  scalar, 
here designated  as L  (M orton, 1973).
Random  iso n ym y: space
R andom  kinsh ip  b y  d istance  w as estim ated  for (1) localities w ith in  B a rra  an d  (2) B a rra  w ith  
other populations. T here  is first an  a b ru p t fa ll an d  th e n  a  continued  g rad u a l decline in  k insh ip  
with d istance in  b o th  sets o f d a ta  (Table 4). The equation
(j>d = ae-»d { 1 - L ) + L  (1)
was fitted  to  sum m arize these  resu lts, estim ating  a, 6 an d  L  sim ultaneously , w here a is th e  k in ­
ship w ith in  a single locality , 6 is th e  ra te  of decrease in  k insh ip  w ith  d istance an d  L  is th e  k inship  
at large d istances re la tiv e  to  random  gam etes from  th e  region. E stim a tes  of these pa ram ete rs  
are given in  T able  4 along w ith  th e  fitted  values <fid.
K inship w ith in  localities re la tive  to  B arra , corresponding to  th e  FIS o f W rig h t (1943), is 
estimated b y  % (1 —L 1) + L 1 — 0-0042, w here th e  suffix 1 refers to  th e  re la tion  betw een  <fid 
and d istance d  in  k ilom etres w ith in  B arra . This in itia l value, followed b y  a  sharp  fa ll in  k insh ip  
even w ith  sm all d istances (1-3 km ), ind icates some degree of genetic re la tedness existing  w ith in  
localities desp ite  th e ir  lack  of isolation. R andom  kinsh ip  in  B a rra  (W righ t’s FST) is es tim ated
tllG
by d2 =  0-0042 (see T able  4). The estim ated  k insh ip  w ith in  B a rra  localities re la tive  to  S cotland  
would th e n  be (W right 1943)
F1t  =  FST + ( 1 - F ST)F 1B =  0-0084.
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Table 4. Isonym y estimates o f k insh ip  by distance
(i) Localities w ith in  B a rra  
O bserved
D istance (km) W eich t (¡>d x i o 1
E x p ec ted  
<j>d x io 3
0 - 1 1 2 0 7 4 -2 1 4 ’23
1 - 2 371 1 -1 3 0 - 7 8
2 -3 554 — 0 - 3 6 — o - i 6
3-5 1 2 6 2 — 0 - 8 2 — 0 - 4 8
5 -7 2 1 2 9 — 0 - 2 9 - 0-55
7 - 1 0 9 1 7 — 0 - 8 4 - 0 - 5 6
1 0 - 1 8 6 0 5 — o - 8 i - 0 - 5 6
1 8 - 3 0 7 9 6 0 - 1 6 - 0 - 5 6
3 0  + 348 — 1 -2 3 - 0 - 5 6
A A
a ,  =  0 - 0 0 4 8  +  0 - 0 0 0 4 ,  ti, =  1 - 2 4 2  +  0 - 4 1 1 1 ,  L 1 = — 0 - 0 0 0 6  ±  0 - 0 0 0 2 .
(2 )  B a r r a  w i t h  o t h e r  r e g i o n s
O b s e r v e d E x p e c t e d
D i s t a n c e  (km) W e i g h t 4ld X IO 3 x i o 3
0 1 2 0 7 o - 6 i °'59
2 3 153 — 2 - 0 7 - 1-53
55 5 0 - I - S 7 — 2 - 8 4
1 1 2 72 — 2 - 2 7 - 3'47
2 5 0 2 5 6 - 3 '97 - 3 - 6 0














K inship  m atrices m ay  be sum m arized in  various w ays (M orton & L alouel, 1973). T he program 
p h e i g e n  (Lew, 1973) uses p rincipal com ponent analysis w ith  cen tro id  ad ju s tm en t, p lo tting  the 
vectors for th e  first tw o eigenvalues. To show th e  re la tiv e  im p o rtan ce  of th e  tw o eigenvalues, 
th e  vectors are scaled by  th e  square ro o t o f th e  eigenvalues. To d isp lay  th e  po in ts  in  a geo­
graphically  convenient form , a p rogram  m a t f i t  (Lalouel, 1973) w as used  to  o b ta in  maxim um
congruence w ith  th e  X  an d  Y  geographical co-ordinates. A  m easure o f fit o f th e  first two
eigenvalues is given b y  th e  p roduct-m om en t correlation  (E 2) betw een  genetic d istance defined 
as + — (M orton et al. 1971 b) an d  its  tw o-dim ensional app ro x im atio n  b y  th e  first two
eigenvectors. S im ilarly a correlation (R 2) gives an  e s tim a te  o f th e  fit o f th e  eigenvectors to  the 
geographical co-ordinates.
The plots of th e  first tw o vectors of th e  p rincipal com ponent analysis o f th e  k insh ip  matrix 
are given in  Fig. 3. B o th  w ith in  B a rra  an d  am ong popu la tions th e  first tw o  eigenvalues give a 
good fit to  th e  kinship m atrices (R 1 =  0-92, 0-96). T he tw o d iagram s also reproduce to  a con­
siderable ex ten t th e  geographical co-ordinates {R2 =  0-32, 0-80). This shows th a t  kinship 
estim ated  from  isonym y depends largely  on isolation  b y  d istance. I n  co n trast, tre e  diagrams 
(dendrograms) constructed  from  th e  k insh ip  m atrices gave am biguous resu lts  an d  do n o t seem 

















Random  isonym y: time
K inship am ong generations can also be s tud ied  b y  ran d o m  isonym y. U sing eq u a tio n  (1), but 
replacing d for d istance by  £ =  tim e  in  generations gave estim ates a = 0-0023 + 0-0011, 
b =  0-1955 + 0-1316 and  L  = — 0-0018 + 0-0011. K insh ip  in  one genera tion  re la tive  to  th e  whole
u a r r s  
p e r i o i  
Tir 
C a t h c  
P r o t e  
c o n m  
t h e  p
period is th e n  0-0005 + 0-0016, from  d ( l  —îi) + L . This m easures th e  am o u n t of k insh ip  incurred  
per genera tion  on B arra .
The p rinc ipa l com ponent analysis of th e  generation  k insh ip  m a trix  by  its  first tw o vectors 
allocated d ifferent generations to  different qu ad ran ts , w ith  a lm ost th e  correct ran k in g  of 
generations an d  sim ilar d istances betw een  th e  generations. A gain th e  dendrogram  draw n from  
the k insh ip  m a tr ix  could n o t be in te rp re ted  on th e  basis of lineal descent.
M arita l isonym y
The m ean  inbreeding  coefficient in  B a rra  re la tive  to  con tem porary  p anm ix ia  w as estim ated  
from m arita l isonym y by
a  =  ( 1 - 2 ^ / 4 ( 1 - 2 5 1 ) ,
«here I  is th e  frequency  of isonym ous m arriages an d  q.t is th e  frequency  o f su rnam e i. This 
analysis w as re s tr ic ted  to  p a ren ts  of living and /o r fertile  sibships, th u s  excluding tem p o ra ry  
immigrants. Som e 10 %  of th e  m arriages were isonym ous, an d  th e  m ean  inbreeding coefficient 
ivas e s tim a ted  as 0-0007. T hus in te rn a l dev iations from  panm ix ia  are negligible re la tive  to  
accumulated genetic  d rif t of th e  w hole isolate.
MIGRATION
The ra te s  of m ig ra tion  w ith in  B a rra  an d  im m igration  in to  B a rra  can also give useful in fo rm a­
tion on k insh ip  an d  on p o pu la tion  stru c tu re . These ra te s  can  be sim ply m easured  b y  com paring 
the b ir th  places of p a ren ts  an d  th e ir  offspring. T he d istribu tions of places of b ir th  of fa th ers  an d  
1111 of m others for fertile  ind iv iduals born  on B a rra  are  given in  Table 5. T em porary  m ig ran ts are 
îe thus excluded since th e ir  offspring m u st also have  children born  on B a rra  to  qualify  as fertile  
es’ individuals.
30" A bout one th ird  o f those w ith  B a rra  p a ren ts  w ere born  in  th e  sam e locality  of B a rra  as th e ir  
im parents. This ind icates a  considerable degree of s tab ility  in  fam ily  residence over tim e, especi- 
'?0 ally since th e  local popu la tions w ere sm all (abou t 40 persons p er genera tion  per locality) an d  th e  
eĉ  distances betw een  localities a re  also sm all (2-20 km ).
n0 The overall ra te  of im m igration  to  B a rra  w as 8-6%  an d  was sim ilar for m ales an d  fem ales. 
Of th is  6-1 %  cam e from  th e  In n e r an d  O uter H ebrides, 0-8 %  from  th e  S cottish  H ighlands and
1-7 % is th e  ‘lo ng -range’ m ig ra tion  ra te  from  th e  re s t of Scotland. The ra tio s  of m ale to  fem ale 
,1X migrants from  th e  d ifferent sources w ere variable, an d  un like previous stud ies (M orton et al. 
B a 1971a), long-range m ig ran ts  w ere n o t p redom inan tly  m ale.
To re la te  m ig ra tion  ra te s  to  k insh ip  an d  popu la tion  s tru c tu re  th e  effective size of th e  various 
UP populations an d  th e  m ig ra tion  inter se a re  required . T he figures for th e  1971 p o pu la tion  census 
11 ' are given in  T able 5, along w ith  th e  estim ated  m ean  popu la tion  size over th e  p a s t 150 years. 
em Barra, like m ost o f th e  H ighlands an d  Isles, has suffered large losses in  p o pu la tion  over th is  
period.
The sources an d  num bers o f im m igran ts to  B a rra  a re  affected b y  th e  dom inance of H om an  
Catholicism on th e  island. This m u st be an  im p o rta n t iso lating fac to r for B a rra  in  m ain ly  
3llt P rotestant S cotland, an d  largely  lim its th e  choice o f im m igran ts to  those from  o ther C atholic 
lb  communities in  th e  H ebrides an d  H ighlands. S ou th  U ist is also largely  a  C atholic island, b u t  
°le the p ro p o rtio n  o f Catholics in  th e  o ther H ebrides an d  in  th e  H ighlands is only a b o u t 5 %
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( b )  A m o n g  reg ions
O u te r  H e b rid e s
So u th  U is t
Barra* 
In n e r H e b r id e s
H igh land s
R e s t o f 
B r ita in
F i g .  3 . P l o t  o f  t h e  f i r s t  t w o  e i g e n v e c t o r s  o f  t h e  i s o n y m y  m a t r i x  o f  k i n s h i p  (a) w i t h i n  B a r r a  
( c f .  F i g .  2 ) a n d  (6 ) a m o n g  a r e a s  ( c f .  F i g .  1 ).
Table 5. Im m igration into Barra and estimated effective population size 
{Roman Catholic) fo r  1820-1970
P o p u l a t i o n
N u m b e r  o f  p a r e n t s  
o f  f e r t i l e  i n d i v i d u a l s  
b o m  o n  B a r r a
M e a n
d i s t a n c e
f r o m
P o p u l a t i o n
A(
E s t i m a t e d P o p u l a t i o n
E s t i m a t e d  
e f f e c t i v e  
R . C .  m e a n
o f  b i r t h  
o f  p a r e n t
(
F a t h e r s
A  .
M o t h e r s
B a r r a
( k m )
1 9 7 1
c e n s u s
m e a n
( 1 8 2 0 - 1 9 7 0 )
R o m a n
C a t h o l i c
p o p u l a t i o n
( 1 8 2 0 - 1 9 7 0 )
S a m e 675 6 2 5 — — .— — —
B a r r a  
l o c a l i t y  
A n y  B a r r a 1 7 9 3 1 7 9 4 1 0 8 0 1 5 0 0 0 - 9 4 4 7 0
l o c a l i t y  
S . U i s t  a n d 4 0 s s 25 3 8 7 0 5 0 0 0 0 '7 0 1 1 6 7
E r i s k a y
O t h e r 4 6 2 8 8 6 2 5 ,6 0 0 3 2 ,0 0 0 0 - 0 5 5 3 0
O u t e r
H e b r i d e s
I n n e r 2 6 1 4 6 0 1 0 ,0 0 0 2 4 ,0 0 0 0 '0 5 4 0 0
H e b r i d e s
S c o t t i s h 6 2 4 1 2 7 2 3 1 ,0 0 0 4 0 0 ,0 0 0 0 -0 5 6 6 7 0
H i g h l a n d s  
O t h e r  p a r t s 3 6 2 9 2 6 5 5 ,0 0 0 ,0 0 0 4 , 5 0 0 , 0 0 0 0 - 1 5 6 7 5 ,0 0 0
o f  S c o t l a n d  
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(Catholic D irec to ry , 1973). F o r th e  re s t  o f Scotland, th e  ra te  is ab o u t 15 % . T aking  th e  effective 
population size as one-th ird  of th e  m ean popu la tion  size over 150 years, an d  allowing for th e  
proportion of Catholics, gives estim ates o f th e  m ean  C atholic effective size for each  region 
(Table 5).
The m ig ra tion  m a trix  o f abso lu te  num bers o f m ig ran t ind iv iduals am ong localities w ith in  
Barra is given in  T able  6. The num bers m igrating  betw een  tw o localities have  been averaged  
to obtain sy m m etry  an d  so p rev en t th e  a rra y  of popu la tion  sizes changing th ro u g h  ap p a re n t 
differential m ig ra tion  ra te s . T he estim ated  effective popu la tion  size for B a rra  w as 470 an d  th e  
iffective n um ber for each locality  w as ta k e n  in  p ropo rtio n  to  th e  n um ber of p a ren ts  recorded  
in the locality , m ultip lied  b y  th e  ra tio  of th e  evo lu tionary  to  th e  effective size (690/470) e s ti­
mated below. T he m ig ra tion  m a trix  am ong regions (Table 6) was derived  from  th e  frequency  
if m igrants in to  B a rra  m u ltip lied  b y  th e  sm aller popu la tion  size for th e  pa ir of regions stud ied , 
the diagonals w ere o b ta ined  b y  m ultip ly ing  th e  estim ated  effective size (Table 5) b y  th e  fac to r 
"■6 =  3587/470) found  for B arra .
Effective migration rate
W ithout know ing effective popu la tion  sizes, an  estim ate  of th e  effective m ig ra tion  ra te  (me) 
into B a rra  can be go t from  M alecot’s (1948) app rox im ation
m e = ^l[m(m + 21e)],
fkere to is th e  long-range m igra tion  ra te  an d  k  is th e  short-range m igra tion  ra te  a fte r long-range 
migrants have  been excluded. F o r B a rra  to =  0-0166 an d  k  =  0-0698, giving an  estim ate  of 
% =  0-0509 for th e  effective m igra tion  ra te  in to  B arra . This is closely com parab le to  th e  
stimate o f 0-0546 from  isonym y during  th e  la s t five centuries.
Evolutionary size and migration
From  th e  d a ta  on m ig ra tion  ra te s  an d  on effective popu la tion  sizes of th e  regions, estim ates 
if the ev o lu tionary  po pu la tion  sizes an d  effective m igration  ra tes  can be derived (M orton, 1973). 
faking th e  long-range m ig ra tion  pressure as to =  0-0166 (ignoring m u ta tio n  an d  selection), th e  
dentity
=  (1 -  TO)2 { s  V Pki P h . f i t - 1) +  s  Pki Pkj (1 _  cj>kk)l2Nk} (2)
k h k
'ives th e  k insh ip  betw een  regions a t  generation  t, w here N t are  th e  estim ated  effective p o p u la ­
tion sizes an d  p i3- are  th e  m igration  ra te s  betw een regions (Table 66). T he resu lts  for successive 
generations w ere ob ta in ed  b y  th e  program  o b e l i x  (H arris, 1973). S tab ility  o f th e  k insh ip  
matrix was reached  a fte r 122 generations (although approached  in  a  m uch  sm aller num ber), 
nth th e  equilib rium  values for k insh ip  an d  inbreeding in  B a rra  re la tive  to  th e  re s t  of B rita in  
being 0-0077 an d  0-0070 respectively . W ith  due cau tion  ab o u t th e  p ro p rie ty  of assum ing con­
stant values o f N  an d  to over m an y  generations, th e  estim ates are a t  least consisten t w ith  o ther 
vidence. A  tw o-dim ensional rep resen ta tio n  o f th e  localities according to  th e ir  com ponents 
dong th e  firs t tw o  eigenvectors of th e  equ ilib rium  kinsh ip  m a trix  (Fig. 4) show s th a t  m ig ra tion  
mirrors th e  geography  o f th e  a rea  {R± =  0-94, B 2 =  0-60). This topology  does n o t depend  
critically on th e  equ ilib rium  assum ption , since i t  is approached  in  a  few generations.
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T able 6. M igration w ith in  and into Barra  
(a) W ith in  B a rra
L ocality  o f p a re n ts ’ b ir th
L o c a l i t y  
o f  b i r t h
f
2 3 4 5 6
A
7 8 9 1 0 1 1 1 2 1 3 H
X 1 5 6 1 6 1 7 7 2 2 2 I 2 3 1 4 3 1 1 7 11
2 3 5 50 x i 6 3 6 0 2 I 5 6 8 13
3 1 4 0 15 1 2 I 7 I 8 7 1 5 4 1 0 12
4 1 7 5 6 0 4 2 6 I 3 1 9 2 0 I 2 3
5 1 2 7 1 8 1 2 5 3 1 6 1 0 I 0 3
6 3 2 3 7 5 9 5 5 0 0 2
7 1 2 9 2 3 1 3 3 1 8 4 I 0
8 . 1 2 3 7 3 3 0 0
9 8 6 9 I 0 I
xo 3 2 3 1 5 0 0
11 2 1 1 1 8 I 7
1 2 1 1 6 5 H
13 1 3 2 2
1 4 1 1 4
Effective 5 9 3 5 5 9 8 1 5 8 33 6 8 1 5 22 4 7 9 8 4 7 2 3 5 0
(b) B arra  w ith  o th er regions (sym m etrized m atrix ) 
P lace of p a re n t’s b ir th
Place of b ir th B arra South  U ist
O uter
H ebrides
In n e r
H ebrides H ighlands
B arra 3587 125 74 40 3°
South  U ist (125) (8869) (149) (50) (67)
O uter (74) (149) (4028) (50) (50)
H ebrides
Inner (4°) (50) (50) (3040) (46)
H ebrides
H ighlands (30) (67) (50) (46) (50700)
Effective (470) 1167 53° 400 6670
size






The equilibrium  value an d  th e  ra te  of app roach  to  equilib rium  allow  estim ation  for each 
region of th e  evolu tionary  p o pu la tion  size (which exceeds th e  effective size because of migration) 





4iY, m r + 1
1  _  e —(2me+ l / 2 iV e) q (3)
Since m c and  Ne are e stim ated  from  <J>̂\ ra th e r  th a n  d irec tly  from  such  dem ographic variables 
as fertility , th ey  include th e  effects of m ig ra tion  a n d  p o pu la tion  grow th.
The solution for for B arra  w as o b ta ined  b y  th e  p rog ram  d e m o g e n  (Yee, 1973), with 
sim ultaneous estim ation  of Ne an d  m e. The evo lu tionary  size w as e s tim a ted  as 690 ±  40 and the 
effective m igration  ra te  as 0-0482 + 0-0030. T he la tte r  is in  good agreem ent w ith  0-0546 from 
common surnam es and  0-0509 from  M alécot’s approx im ation .
These estim ates of evolu tionary  size an d  m ig ra tion  can  be used, w ith  T ab le  6 a ,  to  p r e d ic t  
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(i>) A m o n g  reg ions
So u th  U is t
B a rra
<O u te r  H eb rid e s  
.H ig h land s
In n e r H eb rid e s
Fig. 4. P lo t o f th e  first tw o eigenvectors o f th e  equilibrium  m igra tion  m a trix  o f kinship (a) w ith in  
B a rra  (cf. F ig. 2) an d  (b) am ong regions (cf. F ig. 1).
mean k insh ip  for th e  B a rra  localities a t  equilib rium  (66 generations) re la tive  to  th e  re s t of 
Britain were found  to  be 0-0092, w hich is close to  th e  value of 0-0084 from  ran d o m  isonym y. 
Hie random  kinsh ip  w ith in  B a rra  was 0-0070. The tw o-dim ensional d isp lay  o f th e  first a n d  
second vectors o f th e  equilib rium  k insh ip  m a trix  (B 1 =  0-91) gives a realistic  fit to  th e  geo- 
graphical a rra y  o f th e  14 localities (R 2 =  0-57), showing th a t  m igration  declines w ith  d istance, 
is w ith  isonym y, localities 9, .10 an d  11 are grouped  close to  localities 4, 5 an d  6, w ith  w hich th e y  
sre connected  b y  an  old p a th  across th e  island. This suggests th a t  trav e l betw een  these areas 
,ch ws m ore often  overland  th a n  a ro u n d  th e  coastal ro ad  as a t  p resent.
Genealogy
For analysis of genealogy only cu rren t sibships an d  p a ren ts  o f fertile  sibships were included, 
^  thus e lim inating  tem p o ra ry  m ig ran ts  an d  infertile  sibships. This left only 1194 sibships o u t of 
the original 2575 collected. The program  c o e e  (Lew, 1973) calculates inbreeding for each sibship, 
jes tracing all p a th s  th ro u g h  th e  p a re n ta l sibship num bers an d  allowing for half-sibships th ro u g h  
a link to  th e  com m on p a re n ta l sibship. I f  a p a ren ta l sibship num ber is n o t given, a un ique  
yh lumber is assigned, up  to  a lim it o f 2000 to ta l sibships. Some 415 p a te rn a l an d  392 m a te rn a l 
;jie sibship num bers w ere n o t know n, an d  312 sibships h ad  n e ither p a re n ta l sibship num ber 
3m recorded.
Only 16 of th e  1194 sibships were found  to  have com m on ancestors in  th e  genealogy collected. 
jct There w ere no close consanguineous m atings recorded, th e  closest re la tionsh ip  betw een  m ates 
qie being th a t  o f second cousins (F  =  0-0156). T he m ean  inbreeding coefficient was 0-010 for th e
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T a b l e  7 . Chain lengths and accumulated random kinsh ip on Barra
E s t i m a t e d
O b s e r v e d a c c u m u l a t e d C o r r e s p o n d i n g
C h a i n N u m b e r  o f a c c u m u l a t e d k i n s h i p  x  1 0 3 g e n e r a t i o n
l e n g t h c h a i n s k i n s h i p  x  1 0 3 ( F i t t e d  c u r v e ) n u m b e r
3 6 9 o - 8 6 ° ' 7 S 1 -0
4 81 i ’37 I - I O i '5
S 9 2 i - 6 6 i '43 2 -0
6 i n 1 -8 3 1 - 7 4 2*5
7 2 0 1 1 -9 9 2 - 0 4 3 -0
8 S S 7 2 -2 1 2-33 3 'S
9 1 0 9 1 2 - 4 2 2 - 6 0 4 ' °
1 0 I S I 7
11 1 0 2 8
1 2 1 8 8
13 1 2
N e ( g i v e n  m e =  0 - 0 4 8 )  =  6 3 8  +  2 4 .
E q u i l i b r i u m  r a n d o m  k i n s h i p  1 / ( 4 ^  m e +  1 ) =  0 - 0 0 8 1  + 0 - 0 0 0 3 .
16 consanguineous sibships and 0-00013 for all sibships. This indicates a considerable avoidance 
of consanguineous matings w ithin the degree for which dispensation is m ade by  the Roman 
Catholic church.
To estim ate  random  kinship  am ong ind iv iduals in  B arra , ran d o m  pa irs  o f sibships were 
generated  b y  th e  program  f b i e d m i x  (H arris, 1973). These w ere re s tr ic te d  to  sibships born  in the 
la s t tw o generations, p erm ittin g  sib m ating  b u t  n o t self-fertilization. A  to ta l  o f 9999 yoairs were 
generated. The program  k i n  (Lew, 1973) calculates th e  coefficient o f k insh ip  am ong these 
random  pairs and  gives th e  d is trib u tio n  of lengths o f chains of re la tionsh ip  (Table 7).
I f  n i is the num ber of chains of length i for N  pairs, then  the contribution to  inbreeding or
t
kinship  is n i 2- i /iV. I n  generation  t =  ( i—1)/2 th e  cum ulative  v alue  is <j)t =  2  n i 2- i /IV\ Beyond
1=1
chains of length  9, th e  num bers of chains fail to  double p er ad d itio n a l link  a n d  th e n  fall off 
rap id ly  due to  th e  lim ited  span  of th e  genealogies collected. T he cum ulated  ran d o m  kinship 
from  genealogy reaches 0-0024 a fte r 4 generations (Table 7). (N .B. T here are  tw o links in the 
chain, one backw ard  an d  one forw ard, for each generation .) F it t in g  eq u a tio n  (3) w ith  m e = 0-048 
to  th e  tre n d  u p  to  chains of leng th  10 an d  p u ttin g  t = co gives a n  equ ilib rium  ran d o m  kinship 
o f 0-0081 + 0-0003 an d  an  evo lu tionary  p o pu la tion  size of 638 + 24.
DISCUSSION
To pu t B arra into perspective we need to  know something about genetic variation  in Britain. 
A recent symposium on this topic did no t mention kinship, and  references to  the  inbreeding 
coefficient were restricted to  a paper by  Rawlings (1973) which baldly sta ted  th a t  ‘to  date there 
has been no investigation of inbreeding in  England.’ This is a slight exaggeration. In  a remark­
able paper G. H . Darwin (1875) developed the concept of isonym y and applied it  to  estimating 
the frequency of cousin marriage. Mendel’s work lay fallow for another generation, and nearly 
a century passed before Crow & Mange (1965) refined w hat Darwin had  form ulated inductively. 
In  the interval only Arner (1908) used D arw in’s results, which indicated an  inbreeding co­



































i n b r









Population structure of Barra 351
(Yasucla & Morton, 1967). L ater Ju lia  Bell (1940) reported th a t  the inbreeding coefficient had 
declined to  0-0004 in the general hospital population of England and Wales.
Isonym y in th e  N o rth u m b erlan d  p arish  of W ark w o rth  ind icates th a t  inbreeding  w en t from  
0-0018 a t  th e  end o f th e  seven teen th -cen tu ry  to  0-0072 a t th e  beginning of th e  n in e teen th . 
Other E u ro p ean  isolates behaved  sim ilarly  during  th is  period of p o pu la tion  grow th , w ith  
subsequent decline o f inbreeding  as popu la tion  m obility  increased. A  useful sum m ary  w as given 
by F reire-M aia (1957). B a rra  appears ty p ica l of E u ro p ean  isolates a cen tu ry  ago an d  com parable 
to A lpine villages a t  th e  p resen t tim e  (M orton, 1974).
Inbreeding coefficients in excess of 0-01 occur for a few European religious isolates, b u t are 
common for slash-and-burn agriculturalists and atoll dwellers (Morton, 1974). I t  is tem pting 
to speculate th a t  pre-agricultural Europe was characterized by similarly high differentiation, 
the residue of which was apparent among tribes in Rom an times. D rift among these groups 
may well account for regional concentrations of rare genes, such as cystic fibrosis in  n o rth ­
western Europe and phenylketonuria in Ireland. More restricted distributions reflect drift 
since R om an times, as Tay-Sachs disease and pentosuria in  E astern  European Jews and  
epidermolysis bullosa in Norway. The low inbreeding ra te  on B arra is not likely to  produce any 
oe startling gene frequency change. Indeed, the only detected rare gene of interest is for the Ellis 
an Fan Crevald syndrome, which occurs in two sibships related as first and second cousins. However, 
neither pair of parents has a known common ancestor. The founder for this gene probably 
ire occurred as a m u tan t or m igrant in the  eighteenth century or before, and the long w aiting tim e 
lle to homozygosis is to  be expected in a population w ith as large an  evolutionary size as Barra. 
sre Among all the m ethods to  study  population structure, prediction of kinship and inbreeding 
!Se from m igration and genealogy is unique in perm itting a quantita tive comparison w ith estim ates 
from isonymy and bioassay of genetic systems. We have seen th a t  isonymy agrees w ith prediction. 
01 For a  genetic polymorphism with homozygosity EQ2 in Britain, the expected homozygosity 
nc[ oil B arra is EQ2 + 0-007 (1 — EQ2). The increase is negligible from most epidemiological points 
of view b u t is sufficient to  perm it bioassay of kinship (Morton et at. 1971). I t  will be interesting 





H isto rica l dem ography, su rnam e concordance (isonym y), m igration , an d  genealogy give a  
consistent descrip tion  of p o pu la tion  stru c tu re . The census size has averaged  ab o u t 1400 over 
the la s t five centuries. Conjoined w ith  a n  effective m igra tion  ra te  of 0-05 per genera tion  as 
estim ated b y  th ree  different m ethods, th is  gives a n  evo lu tionary  size of 638, random  kinsh ip  
of 0-008 a n d  inbreeding of 0-007 re la tive  to  th e  re s t of B rita in . The p o pu la tion  s tru c tu re  o f  
Barra is sim ilar to  o ther B ritish  isolates in  th e  recen t p ast, b u t  an  order o f m agn itude  less 
inbred th a n  slash -and-burn  ag ricu ltu ra lists  an d  Pacific Islanders. Some consequences for ra re
¡re
genes an d  polym orphism s are  discussed.
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In  simple M endelian disorders the m ode o f inheritance is know n 
and recurrence risks can be derived from genetic theory , even for 
com plex family histories (Heuch and Li, 1972). But for m any familial 
disorders the m ode of inheritance has n o t been established and discrimi­
nation  betw een d ifferent m odels has proved very difficult because 
various m odels can fit the observed data  (James, 1971; Sm ith, 1971a; 
Krüger, 1973; Kidd and Cavalli-Sforza, 1973). In  genetic counselling for 
such disorders so-called em piric risks are used. These are based on 
observation ra ther than  on any genetic theory . They m easure average risk 
for all families ra ther than  applying to  a particular counselling case and 
do n o t take into account o ther factors affecting the risks such as the 
family h istory  or severity. By contrast, if the genetic m odel is specified, 
recurrence risks can be derived specifically for each counselling case. The 
object o f this paper is to  com pare recurrence risks derived by two 
extrem e genetic m odels to assess how  im portan t the m odel is in affecting 
the recurrence risks obtained.
M odels
The tw o extrem e m odels o f inheritance of familial disease are the 
single locus and the m ultifactorial models. Many interm ediate models 
could also be considered and it is im plied, b u t n o t proven, th a t the range 
of risks for the extrem e m odels should also cover the risks estim ated 
from  in term ediate models.
The generalised single locus 2-allele m odel can be w ritten  (Elston 
and Campbell, 1970; M orton, Yee and Lew, 1971) as :





P ro p o rtio n  a ffec ted  fA A  fA a faa
An equivalent form has been used by Reich, Jam es and Morris 
(1972) and by Kidd and Cavalli-Sforza (1973), w ith individuals of the 
same genotype being norm ally d istributed  abou t their m ean, MAA, PAa> 
or Maa> w ith a com m on variance (c;2) and w ith  proportions fAA> ^Aa and 
faa respectively being above a given threshold  value on the distribution 
scale and so being affected. Jam es (1971) showed that, in term s of 
familial frequencies, the m odel has only three independent param eters, 
the gene frequency (q) and the additive (Va ) and dom inance (Vd ) 
genetic variances. Thus different param eter sets for q, fAA> fAa ar*d faa 
m ay give the same set of familial frequencies.
The m ultifactorial m odel used is the liability m odel o f Falconer 
(1965) with a continuous underlying norm al d istribu tion  and single 
threshold. From  familial frequencies, the correlation in liability between 
relatives can be estim ated and if com m on familial environm ental effects 
can be discounted, the heritability  o f liability can be derived.
Overlap o f  m odels
The in terest is in  situations w here b o th  m odels provide an adequate  statistical 
fit to  observed data  on fam ilial frequencies, or on  segregation data  fo r families. If the 
fit to  the data  by  a m odel is n o t adequate  then  th a t m odel can be rejected  and need 
n o t be considered in  risk estim ation . The first step th en  is to  find  th e  range 
param eter sets o f the tw o m odels fo r w hich overlap occurs.
With the m ultifactoria l m odel the heritab ility  m ust be less than  100% and 
should be similar fo r d iffe ren t degrees o f re lationship  (unless there  are im portan t 
dom inance and epistatic effects w hich give higher estim ates fo r m onozygous twins 
and full-sibs) (Falconer, 1960). T hus significant differences betw een  heritability  
estim ates from  d ifferen t relatives, or estim ates significantly exceeding 100% will 
indicate th a t the m ultifactoria l m odel is inappropria te . In practice, how ever, it will 
be im portan t to  d iscount com m on fam ilial environm ental effects w hich will also lead 
high heritab ility  estim ates.
Jam es (1971) showed th a t the single locus m odel will be able to  fit m ul­
tifactoria l data , excep t w hen there  is significant epistasis. This could  arise from 
classifying the underlying con tinuous liability  in to  0, 1 (norm al, affected) classes 
w hen the disease frequency is low  and the heritab ility  is high (D em pster and  Lerner, 
1950). The areas o f fit o f  the m ultifactoria l m odel to  single locus m odel data  are 
exam ined here em pirically and are illustrated  in  Figure 1. Consider tw o population  
frequencies (F), 1% and 0.1% . To restric t th e  choice o f param eter sets let 
faa& fA a  S fA A E tO ; th a t is a is a deleterious gene b u t there  m ay be a proportion  
JAA ° f  sporadic cases am ong AA individuals. A lm ost any form  of gene action , apart
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Figure 1 : A reas o f  overlap (w ith  heritab ility  values less than 100% ) for  d ifferen t k inds o f  
relatives and d ifferen t param eter sets. A reas o f  overlap are to  th e le ft o f  th e solid  line  
and to  th e right o f  th e broken  line (w here present) for  d ifferen t relatives.
(le ft , right — p op u la tion  frequencies 0 .1% , 1% 
upper, low er — no  sporadic cases, 20%  
o f cases sp orad ic).
T he sets o f  param eters selected  for  evaluation  o f  risks are sh ow n  o n  each  graph, 
corresponding to  h eritab ility  values o f  40%  (le ft) and 80%  (right) [see T able I, for  
values; Figure 2 for s y m b o ls ] .
from  heterozygo te  advantage, is covered despite the restric tion . From  these param e­
ters (F and f ’s) th e  gene frequency  can be calculated  and th e  frequencies in  various 
kinds o f  relatives o f affected  p robands can be derived using the expressions given by 
Jam es (1971). These can then  be used to  calculate heritab ility  estim ates for d ifferen t 
sets o f  relatives nam ely, m onozygous (MZ) tw ins, paren ts and offspring, full sibs, 2nd 
degree relatives and 3rd  degree relatives. Many o f th e  sets o f param eters give 
heritabilities greater th an  100%. By trial and error boundaries on the param eter sets 
can be found  giving heritabilities equal to  or less th an  100% for d ifferen t kinds o f 
relatives. Sim ilarly sets o f f  param eters could be found  corresponding to  d ifferen t 
heritab ility  values, as if these w ere estim ated  from  the same set o f  observed data , and 
these provided the param eter sets fo r com paring the  recurrence risks w ith  the tw o 
models.
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The recurrence risks fo r the m ultifactoria l m odel w ere derived b y  a numerical 
in tegration  m ethod  (Sm ith, 1971b) using th e  program  RISKM F (Sm ith, 1972). These 
are accurate fo r sibships b u t approxim ate fo r m ore com plex fam ily histories. Ano­
th er m ethod  to  estim ate recurrence risks has been  p roposed  by  M orton (1969) where 
the risks are variable betw een  sibships. The d is tribu tion  o f  risks m ay be represented 
by  a b e ta  function . The param eters are th en  A =  (1 — F r )  /  ( F r — F )  and B = A F , 
where F is the popu la tion  frequency  and F r  is the frequency  in  relatives o f  affected 
individuals. The recurrence risk, given s sibs w ith  r affected  is th e n (B + r )  / (A + s).T o  
determ ine th e  recurrence risks for the single locus m odel, th e  gene and genotype 
frequencies w ere calculated for each set o f  penetrance  rates fo r b o th  disease frequen­
cies. F or every possible com bination  o f paren ta l genotypes th e  probab ility  o f having 
the considered sibships and the p robability  o f having th e  same sibship w ith  the next 
child affected  were calculated. The recurrence risks was taken  to  be th e  inverse of the 
ratio o f the sums o f the  tw o sets o f p robabilities w eighted b y  the frequency  o f the 
paren tal genotypes. A check on th e  risks fo r th e  single locus m odel was m ade by  the 
program  PEDIG (Heuch and Li, 1972).
R E S U L T S
Overlap o f  m odels
The ex ten t o f the overlap of the param eters o f the tw o models is 
shown in Figure 1. The left and right graphs refer to  d ifferent disease 
frequencies and the upper and lower graphs represent respectively no 
sporadic cases (fAA — 0) an(i w ith 20% of cases being sporadic (fAA = 
0.2F). With faaS fA a»  no poin ts can fall below  the diagonal lines. 
Acceptable values of heritability  (that is, less than  100%) are obtained 
with param eter sets to  the left of the solid lines and to  the right of the 
broken lines (where present) for d ifferen t types of relatives.
The MZ heritabilities, o f course, cannot exceed 100%. The full-sib 
heritabilities are similar to  the p aren t and offspring values except when 
the situation tends tow ards a strict recessive form  o f inheritance, th a t is if 
fAa is low and faa is high. A general result was th a t the heritabilities for 
3rd degree relatives are larger than  for 2nd degree w hich in tu rn  are 
larger than  for parents and offspring. Thus the boundaries for acceptable 
heritability  values becom e m ore restrictive as the degree o f relationship 
decreases, as shown in Figure 1. With low  disease frequencies the area of 
overlap of the tw o models is very small, b u t it increases as the proportion 
o f sporadic cases increases and as the disease frequency increases. Note 
th a t it should usually be possible to  distinguish dom inant inheritance 
w ith incom plete penetrance from  m ultifactorial inheritance because 
there is little  overlap o f the models, except w hen fAa is low  (that is 
penetrance is very low).
R isk  estim a tion
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A m ore restrictive criterion for overlap o f the tw o models would be 
to  find param eter sets which give heritabilities which are similar for 
d ifferent kinds of relatives. With m ultifactorial inheritance the expected 
heritabilities are the same for all relatives if there is no dom inance or 
epistasis, and are always the same for parents, offspring, 2nd degree and 
3rd degree relatives. As already no ted  w ith the single locus m odel, the 
heritability  values usually increased as the degree of relationship fell, and 
it was o ften  difficult to  find param eter sets which gave equal heritabili­
ties for all classes o f relatives. The heritability  values change in a regular 
m anner as they  deviate from  the boundary  lines in Figure 1, b u t n o t at 
the same rate over d ifferen t sections of the graphs. I t w ould be possible 
to  draw  co n to u r lines of heritability  values to  indicate the shape o f the 
response surface and in this way find if there are areas which give similar 
heritabilities for the d ifferen t kinds of relatives.
R isks
To com pare the recurrence risks estim ated from  the tw o models, 
tw o p opu la tion  frequencies (1% and 0.1%) and tw o levels of heritability  
(80% and 40% ) were chosen. Several param eter sets for the single locus 
m odel satisfying these situations were selected to  cover a range of 
possible values and these are given in Table I. Their positions in the 
overlap areas are show n in Figure 1 and the symbols used are given in 
Figure 2. These param eter sets were chosen to  satisfy the parent-off- 
spring heritabilities, since these are m ost reliably estim ated in practice, 
b u t they  m ay give m uch higher heritab ility  estim ates for 2nd and 3rd 
degree relatives as is obvious for Figure 1. The range o f up  to  20% 
sporadic cases allows for substantial noise due to  phenocopies, m utations 
and o ther non-recurrent factors. Thus the series o f param eter sets chosen 
should cover a wide range o f likely sets obtained in analysis o f data on 
frequencies or segregation in families o f affected individuals.
The recurrence risks can then  be evaluated for a series o f sibships, 
or m ore com plex family histories, w ith the d ifferen t m odels and para­
m eter sets. The results for sibships w ith 0, 1 and 2 affected  parents are 
presented in Figure 2 for d ifferen t popu lation  frequencies and heritabili­
ties. Two general results are shown by these graphs. F irst, there m ay be 
large differences in risks predicted  from  different param eter sets for the 
single locus m odel, especially for sibships w ith tw o or m ore affected 
individuals (including parents). Second, there will usually be one or m ore 
param eter sets w hich will give risks similar to  those predicted  by the 
m ultifactorial m odel. This tends to  occur when the penetrance rate in 
hom ozygotes (faa) takes the largest value possible for the particular set 
o f circum stances, th a t is for the frequency, heritability  and p roportion
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t>-ocoĉ -voĉ -u3irMTNĈ -̂0'X)cr»ocr«cr>o 
i o \ r r v ( r v t < M j r M m r \ L r \ i r \ t > ^ i > t ~ - v o  c - v o v o  o
cococncocricr>cr>cocr>c\jc\jc\)-t-'^-Lr\^--vrLn
O O O O 'v f - ^ - ^ N t - '^ C M C N J C X jC X U r M Î M f M T M n
0-«--«-KA-<-ch'^0^-T-cr>0i>-0'=tT-0KN
c o c T 'C û C O ^ i-^ } - ir \ '^ -L rA C O  c r> :o  c o  ^ m v x 3  ^  v o
o o o o o o o o o o o o o o o o o o
CO CO CO lü ^  -"T ^  ^  ̂  ‘X) GO u3 CO ^  ^
'X)cot>cr>cocQt-'-t-'^-v-coT-cococ\icoo^rrl 
LPvQD L T M n fO v 'v t- '^ - f rv ^ -L n '-O  LT\ LfA CM 'v f '^ -C M
■'-OOCMD^OiriO’-ODO LTi0 CTiCÛ ^ 0  O rOM-CMC\JCO0CT\OOOr-OOfAy3M-C\Jir\ 
0 0 0 0 0 ^ - C M 0 - - 0 0 0 0 0 0 - - 0 0
o o o o o o o o o o o o o o o o o o
LnoinoooLA’-oa^OKJOtAOco^o^OOO^üOr-t-OMT.O^O'-CÛf'T-Q-
- - O C M O O ^ - ^ O C M O O O O O O O O ^
- O  O  O O  O  O  - - o  o  o  o  o
i r - O  LTMTvO O  O  •<- O  C r i f Q K J ^ K M n O ^ l  LP> VÛT- O I>0 C\1 OtMALTiM-l>yD O O v- O
t- t- cM t- 0 0 0 0 0 0 0 0 0 0 0 0 0 0
o o o o o ’ o o o o o o o o o o o o o *
O O C M C M O O O C M C M O O C M C M O O O C M C M
o o o o o o o o o o o o o o o o o o
o o o o o o o o o o o o o o o o o o












of sporadics concerned. On the o ther hand w ith low penetrance rates, 
the risks quickly reach a p lateau and do n o t increase fu rther w ith m ore 
affected  relatives. This is because the risks are lim ited by the level of 
penetrance (faa) in hom ozygotes, which is also the level of the plateau. 
By varying the  penetrance level virtually any set o f risks, w ith in  these 
tw o extrem e sets, could be obtained by  the  single locus model.
The pa tte rns o f the risks in Figure 2 for d ifferen t frequencies and 
heritab ility  values are very similar, despite the fact th a t the param eter 
sets selected were n o t the same, being chosen from  Figure 1 to  represent 
the range of param eter sets for each situation  w ithin a given area of 
Figure 1. This shows th a t the patterns are conservative and will represent 
a variety o f param eter sets. The risks w ith no sporadics (fA A =  0) are 
usually som ew hat higher th an  w ith sporadics, b u t the differences were 
n o t large. With high penetrance values the risks increased to  very high 
levels w ith  increasing family h istory . This is because w ith m ore sibs or 
parents being affected, the probab ility  o f the nex t child being hom ozy­
gous also increases and the risks can rise up to  the level o f penetrance.
The statistics necessary to  calculate the recurrence risks by 
M orton’s m odel are the incidence in the offspring og m atings w ith  0, 1 
and 2 affected  parents and the recurrence risk (for each type of family) 
am ong sibs o f probands. These statistics were then  applied separately to 
M orton’s form ula to  derive the risks. For clarity  in Figure 2, the results 
are given only in the first set o f graphs. In  general, as before, there can be 
large differences in the risks estim ated by the d ifferen t m ethods and the 
differences are usually larger as the num ber of affected relatives 
increases. When the difference betw een the statistics derived for the two 
m odels is large, as in the case for b o th  parents affected, M orton’s m odel 
tends to  give recurrence risks similar to  those ob tained  by the m odel 
used to  calculate the statistics, as w ould be expected. When neither 
paren t is affected, the risks are usually in term ediate betw een those 
obtained by  the o ther tw o m odels. This is due to  overlap of the statis­
tics derived from  the o ther tw o m odels. For the single locus m odel w ith 
very low  penetrance rates and w ith sporadics, the recurrence risks by 
M orton’s m odel w ith 1 affected p aren t and m ore than  2 affected sibs, are 
low er than  for the same sibship w ith no affected  p aren t (Figure 2). This 
is because the tw o cases use d ifferent sets of statistics depending on the 
parental status, and so direct com parison o f the recurrence risks is n o t 
possible, in this case.
Com parisons of recurrence risks w ith m ore com plex pedigrees were 
also a ttem pted  using the m ultifactorial and single locus models. In 
general the patterns o f the risks w ith second and th ird  degree relatives
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Figure 2 : R ecu rren c e  risk s  fo r  various 
g en e tic  m o d e ls  a n d  d if fe re n t
Sym bols
M ultifactorial m odel 
Single locus m odel
( !)  f A A = °>  faah iSh
(2) fA A ~ °>  f aa low
(3) fAA = °> fAa =  °. fa a low
(4 ) fA A ¥ = 0 ,faa high
(5) fA A ^ °>  faa low
M orton ’s Beta F unction  M odel
Based on m ultifactorial statistics 
Based on single locus case 4 
Based on single locus case 5
s ib sh ips  w ith  0, 1 o r  2 a f fe c te d  p a re n ts  b y  u sing  d iffe ren t 
se lec te d  p a ra m e te r  sets (see F ig u re  1 an d  T a b le  I) .
o  —  





no sporadics, high 
penetrance
no sporadics, low 
penetrance




20% sporadics, high 
penetrance
20% sporadics, low 
penetrance
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included were quite similar to  those obtained for sibships in th a t a wide 
range of possible risks was possible and tha t the risks diverged with 
increasing family h istory .
D IS C U S S IO N
The wide range o f recurrence risks possible from  differen t models 
and sets of param eters shows th a t the estim ation of risks for genetic 
counselling is likely to  be arbitrary and im precise until the m ode of 
inheritance is know n. The m ethods here m ay be useful to  show the 
clinician the range in which the risks m ay fall, b u t the range is too  wide 
to  be useful. Perhaps w ith collection o f fu rther data  especially on 
families w ith several affected m em bers and perhaps also on 2nd and 3rd 
degree relatives, the choice am ong genetic m odels and param eter sets 
m ay be m ore restric ted  and the  range in estim ated risks w ould be 
reduced. For exam ple, W oolf (1971) has calculated em piric risks for 
cleft-lip +  cleft-palate w ith  tw o or m ore relatives of d ifferent kinds 
affected. These tend  to  be consistently  higher than  those pred ic ted  by 
the m ultifactorial model. This result is similar to  these in Figure 2 for a 
gene w ith high penetrance in hom ozygotes (aa) b u t w ith a p roportion  of 
heterozygotes m anifesting. However, w ith these param eters, fo r high 
paren t offspring heritabilities still higher heritabilities in 2nd and 3rd 
degree relatives w ould be expected (see Table I).
In theory  discrim ination betw een the d ifferen t models should be 
possible because the trends in heritab ility  differ fo r the tw o models. 
H eritabilities exceeding 100% or increasing w ith  decreasing degrees of 
relationship w ould indicate a single locus m odel while uniform  heritabili­
ties less th a t 100% m ight suggest a m ultifactorial m odel. However, in 
practice it w ould require a very large am ount of good data  to  allow a 
reliable discrim ination betw een the m odels (Sm ith, 1971a). In  fact data 
on 2nd and 3rd degree relatives are usually m uch less reliable than  on 1st 
degree relatives and there m ay be com m on familial environm ental effects 
which differ betw een relatives and these will be difficult to  avoid or 
discount.
The single locus m odel considered here is ra ther extrem e and may 
be biologically ra ther unlikely in th a t it does n o t allow for any m odi­
fying genes (or environm ental effects) com m on to family mem bers. Yet 
penetrance levels are m odifiable by selection. Thus some of the variation 
in liability abou t the m ean for the  genotype will be inherited and affect 
the risks am ong relatives. M orton and M acLean (1974) have elaborated a 
‘com bined’ m odel which includes a m ajor locus and background polyge­
nic inheritance. Their approach has been to  test for a m ajor locus against
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a polygenic background. Results so far (MacLean, M orton and Lew, 
1975) show some success in discrim ination w ith  continuous traits but 
with discrete data on disease status the m ethods of analysis are very m uch 
less powerful, so the problem s of discrim ination m ay remain.
I t is usually possible to  find a set o f param eters for the single locus 
model which give an adequate fit to  m ultifactorial data, b u t n o t vice 
versa. The prior probabilities o f getting param eter sets in the overlap area 
are very different for the tw o models, being low for the single locus 
model and higher for the m ultifactorial m odel. These p rio r probabilities 
should be considered in assessing the relative likelihoods o f the two 
models. Thus in data analysis, finding th a t bo th  models fit the  data  may 
po in t to  m ultifactorial inheritance. For exam ple the param eter sets 
derived by Kidd and Cavalli-Sforza (1974) to  fit familial data  on  schizo­
phrenia all fit in to  a very restric ted  corner of the  param eter space. This 
suggests th a t their iterative m ethods have been able to  find initially very 
unlikely sets of param eters to  fit m ultifactorial data. M oreover the 
dilemma they  raise abou t the apparent difference in a conclusion about 
im portance of genetic factors depending on the m odel used, is largely 
due to the way they express their results. Thus the low genetic variance 
(10-20%) attribu ted  to  single locus m odel is due to  the low estim ated 
frequency of their extrem e genotypes (Edwards, 1965) and n o t to  the 
absence of proposed genetic effects.
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SUMMARY
Recurrence risks for the generalised single locus m odel and for the 
m ultifactorial m odel have been derived and com pared. First the areas of 
overlap for the two models were determ ined and sets of param eters 
chosen to  represent these overlap areas. Certain sets of param eters for 
the single locus m odel give recurrence risks in sib ships similar to  these for 
m ultifactorial inheritance. O ther sets (representing very low penetran t 
dom inant genes) give m arkedly low er risks. Similar results hold  for more 
com plex family histories. Em piric risks for families w ith  tw o or more
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affected  individuals are needed so as to  indicate the trend  o f the increase 
in  risk which could then  be ex trapolated  to  o ther families and be used in 
genetic counselling.
RESUME
Les risques de récurrence pour une hérédité m endélienne et pour 
une hérédité m ultifactorielle o n t été com parés. En prem ier lieu, les zones 
de chevauchem ent des deux m odes héréditaires o n t été déterm inées et 
des séries de param ètres o n t été choisies pour représenter ces zones. 
Certaines séries de param ètres p o u r une hérédité m endélienne donnent, 
dans des fratries, des risques de récurrence similaires à ceux calcules pour 
une hérédité m ultifactorielle. D ’autres (représentant des gènes dom inants 
à pénétrance très réduite) donnen t des risques rem arquablem ent plus bas. 
Des résultats semblables sont obtenus p o u r des pedigrees plus complexes. 
La connaissance des risques em piriques p o u r des familles ayant plus d ’un 
individu a tte in t est nécessaire, afin d ’ob ten ir une idée de l ’accroissem ent 
du risque de récurrence avec le nom bre d ’individus atte in ts et pouvoir 
ainsi ex trapoler le risque pour d ’autres familles lors de conseils géné­
tiques.
ZUSAM M ENFASSUNG
Die W ahrscheinlichkeitsziffern für das W iederauftreten von G eburts­
anom alien sowohl beim  M endelschen als auch beim  m ultifaktoriellen  
Modell, w erden m iteinander verglichen. Z uerst w urden die Ueber- 
schneidungsbereiche der beiden Modelle bestim m t un d  Param eter-Sätze zu 
deren D arstellung ausgewählt. B estim m te Param eter-Sätze für das Men- 
delsche Modell zeigen ein W iederauftretungsrisiko für Geschwister ähn­
lich dem  für m ultifaktorielle Vererbung. Andere Param eter, die beson­
ders dom inante Gene m it schwacher Penetranz betreffen , zeigen auffal­
lend geringere Risiken. Aehnliche Ergebnisse gelten für m ehr kom plexe 
Stam m bäum e. Em pirische Risiken für Fam ilien m it zwei oder m ehr 
betro ffenen  M itgliedern sind notw endig, um  den Trend des R isikoan­
stiegs anzuzeigen. Dieser kann dann für andere Familien extrapoliert und 
für die genetische B eratung verw endet werden.
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